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PREFAOR 



In the short time that has elapsed since the last 
edition there have been no important astronomical 
discoyeries or eyents, except the long looked for 
Transit of Venus on 4 Dec. 1874^ by which the 
dimensions, weights, and distances of all the solar 
system, beyond the moon, haye been still farther 
rectified. The first edition of this book in 1865 waa 
the first that gaya the amended dimensions, &c., 
which began to be adopted about that time instead 
of the erroneous ones deduced from the transit of 
1769. And this happens to be the first to giye the 
almost certain results (within some small fraction) of 
the obseryations of the late transit, though they 
haye not yet been completely reduced and agreed 
on by astronomers. 

I repeat the warning that this does not profess to 
be an easy book of 'popular astronomy,' because it 
is called 'Astronomy without Mathematics/ There 
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iv Preface. 

are plenty of such books, of all degrees of ex- 
cellence, pictorial and descriptive, and more now 
than when the first edition of this came out, in a 
smaller form, and aiming at much less. Many per- 
sons are capable of imderstanding such matters as 
are here dealt with, who have never learnt and have 
no time to learn Euclid and algebra and conic 
sections — much less differential and integral calcu- 
lus; and explanations in mathematical language and 
symbols wOuld be of no use to them: though it 
may be true that to those who could understand 
them they would be easier than some parts of this, 
or any book which aims at teaching as much of 
Physical Astronomy,* or the astronomy of causes and 
effects, as is possible in this way. Sir G. Airy's 
'Gravitation' was written on the same principle 
forty years ago, and has justly maintained its re- 
putation, though the same remark has often been 
made, that * it is no easier than mathematics ' — i. e., 
to those who know them, and for whom it was 

* This long established term must not be oonfounded with one 
of much narrower meaniDg, the ' Physics of Astronomy/ which 
was invented by a few persons who wanted to have a new 
observatory established at the public expense, for what they 
now call 'the Endowment of Besearch.' Without attempting 
to define it for them, they practically meant a separate establish- 
ment chiefly for spectroscopic observation of the sun, which can 
be and is done as well or better at Greenwich and other obser- 
vatories already existing. 
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Preface. v 

not written. The same may be said of parts of 
Heischel's admirable * Oatlines of Astronomy ;' which 
has for some years now required complete revision 
to maintain its character, and should no longer be 
patched up with notes at the end of the stereotyped 
text, as all the late editions have been. 

We should however soon come to a standstill in 
explanation if we were not allowed to use some 
simple propositions which can only be proved by 
mathematics far from elementary: such as, that a 
globe attracts as if it were condensed into its centre 
— ^that the time of performing an elliptic orbit is 
the same as of the circle which contains it — ^the re- 
lation of the time of pendulums to gravity, and so 
forth. Perhaps some readers may be hereby tempted 
to learn how to prove such propositions for them- 
selves. 

In one sense no elementary treatise on astronomy 
can be original; but no sentence in this is taken 
from any other ; and some things here are not to be 
found in any other book, so far as I know, and 
others are in a different form from usual. 

I have done the best I could to avoid mistakes, 
both of writing and printing, though I cannot expect 
to have entirely succeeded. Even great astronomers 
do not always escape slips of memory or of writing, 
hasty and erroneous conclusions from overlooking 
something of importance, and sometimea they have 
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vi Preface. 

to recant absolute mistakes of reasoning and calcula- 
tion ; besides the legitimate errors of imperfect know- 
ledge, which will always be subject to correction while 
^many shall run to and fro and knowledge shall be 
increased.' 

E. B. 



33 Queen Anne Street ^ W. 
June 1876. 
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ASTRONOMY 

WITHOUT MATHEMATICS. 
* CHAPTEE I. 

THE EABTH. 

Fob several thousand years people supposed that the 
earth was a great platfonn surrounded by the sea to 
an unknown distance; and that the sun set in the 
sea and rose out of it. At least the old Greek poets 
said so, and invented wonderful contrivances for carry- 
ing the sun round or under the earth in the night from 
west to east again. Whether they really believed in 
such ideas or not, they certainly kiiew nothing of the 
real shape of the earth or the construction of the 
universe.* 

But you may ask, did not David, who lived a good 
while before Homer, speak of the ^ round world' 
several times in the Psalms ? No, he did not There is 
no such word as * round ' in the original Hebrew, nor 
in our Bible version of the Psalms. * The round world ' 
is merely a translation of the common Latin phrase for 
the earth, orhis terrarunhy which was used in the Latin 
Yulgate Bible ; and even that does not mean a globe, 

* See Sir G. 0. Lewis's ' Astronomy of the Ancients/ 

B 
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2 The Earth. 

but a round disc or wheel, though the Eomans did 
know that the earth is a globe.* 

It would have been contrary to the habit of the Bible 
to anticipate and reveal a scientific discovery, which 
men would make for themselves in time, and which 
was of no consequence to their religious faith and life. 
It is not contrary to the habit of the Bible, nor at all 
superfluous, to declare continually, wherever there is an 
opportunity (as we may say), that the sun and the moon 
and the stars, and the earth and all that is in it, did not 
grow of themselves, as some people fancy, but were 
created, or made out of nothing, by the word of God. 
For all the science in the world could never prove that 
^in the beginning God created the heaven and the 
earth : ' we can only know that by revelation. * Through 
faith (not science, or observation and reasoning) we 
understand that the worlds were framed by the word 
of God, so that things which are seen were not made 
of things which do appear.' (Heb. xi. 3.) And all 
experience shows that men who disbelieve that, believe 
nothing else that is revealed. This has nothing to do 
with the proper interpretation of the particular words 
in which the successive acts of creation are described in 
the first chapter of the Bible. Nearly all learned men 
now agree that the word translated 'day' there does 
not always mean a day of twenty-four hours, but may 
mean periods of enormous length, each ended by some 
marked division of time or epoch.t 

Thales, who was called one of the wise men of Greece, 
is commonly said to have discovered that the world 

* Cicero, * De Natura Deorum,' ii. 19, &o. 
t See note at the end of the book. 
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Old Ideas about it. 3 

is a round globe about 600 B.O.* Conaeqaently 
men and water and all things stand all round it 
without falling off; and what we call * upright' only 
means upright with reference to the surface of the 
earth or of water where we are, or in a line towards 
the centre of the earth ; towards which all things fall 
or press ; so that they fall in opposite directions here 
and in New Zealand, which you may see is very 
nearly opposite to England in that model of the earth 
with the countries painted on it which they call a 
terrestrial globe. 

You may ask how we know all this. We know, first, 
that the earth is round, in some general sense of the 
word, by finding that we can actually go quite round it 
by sea or land in every direction, except where we are 
stopped by ice or mountains, or some other impassable 
obstacle. Secondly, we find that the sea is nowhere 
flat, but rises everywhere like a low round hill, so that 
the masts of distant ships are always seen before their 
hull or body. So great plains, which are level like the 
sea, are not flat like a table, but rise visibly between 
two people at a distance, as the sea rises between the 
ships. And such plains, and level surfeuses of water all 
over the world, rise the same height in the same distance, 

* Sir G. 0. Lewis says there is no evidenoe in support of this 
tradition. It is of very little oonsequenoe; hut on the other hand 
there seems a strong probability of the Ghald^oans and the builders 
of the Great Pyramid having known much more of astronomy than 
the mere roim<hiess of the earth, ages before Thales. See chapter 
on Ghald»an astronomy in Proctor's * Saturn and his System/ and 
Piazzi Smyth on the * Great Pyramid,' though I am fiur from believing 
all his theories about it. I have expressed my own views of the 
theory of its construction in a book on ' Architecture and Building.' 

B 2 
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4 The Earth proved to he round. 

viz., 8 inches in a mile, and not i6 but 32 or 4 x 8 inches 
in 2 miles, 9x8 inches or 6 feet in 3 miles, and so on 
for a considerable distance ; so that two very tall men 

^ stcmdinglS^ miles apart on a level plain can only just 
see each other's heads with telescopes; and what we 
call the ^ visible horizon/ or boundary of sight by the 

*^\ level ground or sea, is everywhere 3 miles from an eye 
6 feet high. All this can only happen on a globe of a 
certain size. And what we call levd only means flat 
when the surface is not large enough for the curve to 
be distinguished. It means really the surface which 
fluids take at rest, to which a plumb-line is upright, 
and which is equidistant everywhere from the centre 
of the earth— subject to a small correction which you 
will see at page 10. 

Again we see the outline or shadow of the earth itself 
upon the moon in eclipses, and that is always round, 
whatever part of the ec^th may fiEtce the moon just then. 
Indeed, as eclipses were observed and predicted and 
recorded as important astronomical events long before 
distant voyages at sea were made, the roundness of 
the world was very likely first considered tabe proved 
by them, though the notion of its being a platform may 
have been given up before. For a body which always 
casts a round shadow can be nothing but a globe, as you 
may easily see if you hold up things of other shapes 
before the sun in different positions, so as to cast their 
shadows on the ground. 

ffleasuring the Earth. — ^After it was found that the 
earth is a globe, it was natural to try to measure it ; 
but it was long before that could be done accurately. 
It may indeed be done approximately from the figure 
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Mode of measuring it. 5 

jnst now given; for it may be proyed that, if the 
earth is a globe, its diameter is to the distance of 
the visible horizon as that is to the heigjht of your eye 
above the plain ; which you will find gives 7920 miles, 
for a height of 2 yards and a distance of the horizon 
of 3 miles or 5280 yards. Bat this method admits of 
no great accuracy, and these figures are rather the 
result than the source of really accurate knowledge of 
the earth's size ; for the rays of light near the ground 
are irregularly bent or refracted by the air, so that you 
do not in &ct see straight, and cannot distinguish 
where the visible horizon for really straight lines of 
sight would be ; and a very small error in the distance 
of the horizon will make a very large one in the size of 
the earth. 

It has now been measured by other means, which I 
will describe presently ; and it is found to be 24,9(X) 
miles round the equator ; which is a circle round the 
middle of the earth at an equal distance from the 
north and south poles. The poles are the two ends of 
that imaginary axis round whicH the earth turns every 
day. All circles round the earth and going through 
the poles are called meridians ; and so every place has 
its own meridian, which runs from north to south, and 
the sun crosses that circle at the noon or midday of 
that place. All circles which divide any globe equally 
are called ffreat circles^ because no greater can be 
drawn. Any straight cut or section through a globe 
whick does not divide it equally, makes a small circle. 
The shortest road between any two places on a globe is 
by the great circle which passes through them both : 
hence comes what is called ' great circle sailing.' For 
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6 Dimensions of the Earth. 

the arc of a great circle is less curved, or more nearly- 
straight, than the arc of a small circle, and is therefore 
a shorter line between the same points, a straight line 
being the shortest possible. The diameter of a globe 
is necessarily also the diameter (or line through the 
centre) of every great circle ; and you should remember 
that the circumference of every circle is very nearly 
3f of its diameter : that is, if the diameter is 7 feet or 
miles the circumference may be called 22; or more 
exactly, circumference = 3*1416 diameters very nearly : 
but no number of figures can express the exact pro- 
portion. The radius is half the diameter. 

The greatest equatorial diameter is 7926*6 miles. 
Some measurers of the earth have made it nearly two 
miles less than this through 104° east and 76° west 
longitude; but later calculations seem to make this 
doubtful. At any rate we may treat the earth as 
7926 miles wide at the equator, and all the sections 
parallel to it as circles, which are called parallels of 
latitvde. 

The pokr axis is estimated at 7899} miles, or 5CX) 
millions of inches, a thousandth part longer than our 
present standard inch, which probably only came by 
accident to be what it was when the standard was 
taken, and might just as well be a thousandth more. 
For the other European nations have inches too, and 
some of them are rattier longer than ours. The French 
metre 39*371 inches is the worst measure in the world, 
because it is inconsistent with any natural one; whereas 
our yard is the long stride of a man of good height, 
and the natural length of his walking-stick, and half 
hia height or half the stretch of his arms. And the 
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Its Spheroidal Shape. ^ 

metre is not even what it pretends to be, the 40 
millionth of a meridian of the earth ; for the measure 
taken was erroneous ; and if it were, such a standard is 
of no more real value than the distance of the moon. 
Yet there are people who have engaged in the crusade 
of trying to force on us this bad, erroneous, arbitrary 
and revolutionary measure of a nation which tried also 
to abolish the week and make a new one of ten days, 
and whose language is declining over the world, while 
ours already prevails over more regions of the world 
than any other, and is evidently destined to advance 
more and more.* 

The polar axis being thus about 26^ miles less than 
the equatorial one, the earth is not quite a globe or 
sphere, but what is called a spheroid; which means 
something like a sphere. There are two kinds of 
spheroids, one flattened at the poles, and fatter round 
the equator, as the earth is, which is called an oblate 
spheroid, and is formed by turning an ellipse round its 
smallest diameter ; and the other, formed by turning 
an ellipse round its greatest diameter, is thinner at the 
equator, and drawn out at the poles, like an egg with 
two small ends, which is called a prolate spheroid. The 
spheroidicity of the earth or any other planet is usually 
called its ellipticity: which means the proportion 
which the difference of the two axes or semi-axes of an 
ellipse bears to the greater of them ; or the proportion 
of EB to AC in the figure at p. 48. 

Consequently every meridian of the earth is an 
ellipse, and not strictly a great circle; though for 

* See Sir J. Herachers 'Familiar Lectures, Celestial Weighings 
And MeasuiingSi' stroDgly oondemning the Metre as a standard. 
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ordinary purposes it may be called one, as the ellip- 
ticity, or the proportion of 26J miles to 7926, is only 
one 298th, so little that you could not perceive it on 
any globe that could be made. An ellipse is shorter 
than the circle containing it by very nearly half the 
ellipticity, so long as that is small : when it is not, the 
relation between them is complicated. Therefore a 
meridian is a 596th shorter than the equator. In 
giving the mean velocity of the earth and planets in 
tiieir orbits, which are all elliptical, I shall treat them 
as circles for simplicity, as their ellipticity is very 
small, and their periods are exactly the same as if the 
orbits were circular with the same mean distance from 
the sun. 

Before explaining what loUitude and longitude are, we 
must observe that every circle in the world has for 
ages been considered to consist of 360 equal parts, or 
arcs of its circumference, called degrees; and again, 
every degree (1°) contains 60' (minutes) ; and every 
minute (i') contains 60" (seconds), which have nothing 
to do with minutes and seconds of time. That is the 
way that parts or arcs of circles are always measured, 
and angles also, or the opening between the two straight 
lines called radii, readiing from the centre to the 
circumference of any circle, whether the circle is 
actually drawn or only imagined to be drawn. For 
instance, the angle 90° means the opening at the centre 
of the circle between two lines drawn to the two ends 
of a quadrant of the circumference ; and 90° is called a 
right angle, and lines at right angles are also said to be 
perpendicular to each other; for * perpendicular ' in 
mathematics does not always mean upright, though 
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an upright stick is of course perpendicular to a piecQ of 
level ground or the surface of water, which is always 
level. If you stick a pencil with the middle of its flat 
end upon a globe, it is perpendicular to the surface of 
the globe, or upright 

Angular ffleasure.— We shall often have to deal 
with the numerical value of angles, and that is not so 
many degrees or minutes, which are merely conven- 
tional quantities, but it is the proportion of the coire- 
sponding arc or piece of circumference to the length of 
the radius; or the angle between two radii is the 
arc divided by the radius. The length of an arc of 
iSo'' is 3*1416 times the length of the radius; or 
calling the radius i for simplicity as usual, 180^ is 
3*1416; which number occurs so often that mathe- 
maticians always use the Greek letter tt (called jTt) for it. 
Therefore 1° is '0175 and 4°='07, which is easy to 
remember, and the angle whose numerical value is i 
is about 57° 18'. . The arc of a small angle differs so 
little from its chord, or the straight Jine joining its ends, 
that we may practically say that the value of the angle 
between two lines CA CB of equal length is the 
distance AB between their two open ends divided by 
either of the lines, so long as the angle is a small one. 

Latitude is the number of degrees measured from 
the equator, each pole being at 90° ; and a degree of 
latitude is about 69 miles, with a qualification to be 
mentioned presently. Longitude is the number of 
degrees on each circle or parallel of latitude measured 
east or west from some given meridian, which each 
country chooses for itself, ours being that which goes 
through Greenwich Observatory. Consequently the 
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number of miles in a degree of longitude varies from 
69*17 at the equator to o at the poles, and is about 43 
here in latitude 51° 30'. A nautical mile or hoot is i' 
of longitude at the equator, or about one sixth longer 
than a common mile. 

But if we take an oblate globe instead of a quite 
spherical one, and divide any meridian into equal spaces 
for degrees of latitude, and apply a long flat-ended 
pencil to them and measure ita inclination carefully 
by proper instruments, we shall not find equal degrees 
of inclination correspond with those equal degrees of 
latitude. In other words, the degrees so marked would 
be wrong and not true degrees of latitude, which mean 
the places where the inclination of such a pencil (called 
a normal to the earth's surface, or the true perpen- 
dicular to a tangent of the meridian) changes by 1°. 
And the difference is such that 1° of latitude is 68*8 
miles at the equator, increasing to 69*4 at the poles. 
Consequently the plumb-line, or line perpendicular to 
the surface of water or mercury, or the direction of 
gravity, does not really point to lie centre of the earth, 
except at the poles and the equator. Degrees of 
latitude are measured by the stars, as a great hollow 
spherical background for graduation ; for they are so 
immensely distant that for purposes of this kind the 
earth's centre may be considered fixed, or the angular 
distances apart of all the stars are practically the same 
from all parts of the earth's orbit, though that is 
184,000,000 miles wide, as we shall see farther on. 

The stars are used for measuring longitude in the 
same way, except that only one star is requisite for 
that purpose^ because we know that the earth tiitns 
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through 360^, or quite round, in 24 sidereal hours^ and 
therefore any two places whose meridians are crossed by 
the same star at an interval of 4 minutes are 1° apart 
in longitude. And in this way the length of the 
equator is measured, being 360 times the miles 
corresponding to 1° of longitude there. The taking of 
levels accurate enough for these purposes is not so 
simple a matter as it seems, because a plumb-line or a 
fluid surface is liable to be disturbed by what is called 
local attraction, or the greater density of the soil, 
including water, on one side than the other. On great 
plains this is avoided, but great plains are not to be 
found everywhere, and allowance for this disturbance 
has to be made as well as it can be in measuring arcs 
of the meridian. 

Long before anybody attempted to measure the 
difference between the equatorial and polar diameters. 
Sir Isaac Newton (who was bom on Christmas Day 
1642, and died in 1727) calculated what it ought to be: 
though calculation will not make it quite right, from 
our ignorance of the density of different parts of the 
earth. It was certainly once all fluid, like the lava 
from volcanoes, with all the water hanging over it as 
steam ; and even now it gets 1° hotter for every 90 
feet down a mine, or, as some observers say, at other 
depths ; and water is hotter as it comes from greater 
depths. It would then take the shape of a globe, like 
a drop of rain, or melted lead in making shot, because 
the mutual attractions of the particles balance them- 
selves in that shape only. When it began to spin it 
would swell at the equator and shrink at the poles, as 
a large elastic hoop will do if you spin it quickly round 
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its diameter. Kewton calculated how much extra 
weight laid on the equator would balance the loss of 
weight or gravitation to the centre there, by reason of 
the centrifugal force arising from the spinning, which 
increases as the square of the velocity of rotation;* i.e., 
it would be four times as great if the earth turned 
twice as fast, and if it turned round in an hour and 
25 mio. people could not stand at the equator, but 
would be thrown off. Besides that, he had to calculate 
how much the attraction to the centre is altered by 
the alteration of the shape from a sphere to a spheroid, 
and the result is compounded of those two calculations 
(see p. 46). 

MAPS. 

One consequence of the earth being round is that no 
map of any large part of it can be correct. You cannot 
make a large piece of paper lie close upon a globe without 
crumpling the edges; therefore if the middle of a 
country is drawn on the map as it would be on the 
globe, the outsides will be drawn too large, and vice 
versa; and the larger the country is, the more some 
parts of it must be enlarged beyond others, or distorted. 
Maps are made on various plans, some distorting the 
countries in one way, and some in another. The 
common * map of the world,' in two flat circles, makes 
the equator only twice as long as the diameter of the 
earth, instead of 3f as long ; or makes it only | (or, 
more accurately, sj^ys) ^^ ^^^ length of the meridians 
at the edges of each hemisphere, and makes the me- 
ridians themselves vary in the same proportion. Each 

* Centrifagal force also increases as the diameter, but so does the 
attraotion of a globe upon its surface, which oounteraots it. 
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of those flat so-called hemispheres has exactly half the 
surface of a real hemisphere. In the usual maps of that 
kind the equator is equally divided for longitude ; and 
meridians, which ought to be semi-ellipses, are drawn 
through each dirision, and then each meridian is 
equally divided for latitude, and curves drawn through 
those divisions, which again are ellipses if done pro- 
perly, and those curves are the ^panJlels' of latitude, 
though no longer parallel. Since the meridians near 
the edges are half as long again as the middle one, it is 
evident that the countries near the middle are con- 
tracted in length (north and south), though the widths 
are all kept right by the equidistant meridians. In 
order to make the areas equal, the shapes ought to be 
still more distorted, or the width between meridians 
diminished from the middle towards the edges in the 
same proportion as their lengths increase, ie., the width 
between two meridians at a given distance close to 
the edges should be only f of what it is at the middle. 
If you want to keep the widths equal and to equalize 
the areas, the map must be stretched out north and 
south more and more as you approach the poles, and 
the pole of each flat hemisphere becomes an angle : you 
will see such maps in Mr. Proctor's little book on 
'Physical Geography;' and even the whole earth repre- 
sented by one map, in which the equator is made 
largest, and the countries near the edges horribly dis- 
torted in shape though equalized in area. These are 
called equal swrface or isographic projections — ^a very 
different thing, remember, from 'isometrical perspec- 
tive,' in which every square of a cube is projected into 
an equal rhomboid made of two equilateral triangles. 
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14 Orthographic and Gnomonic Maps. 

That is a particular case of what is called orthographic 
projection^ which shows auy part of the globe as it 
would be seen by lines of sight sensibly parallel, or 
from an infinite distance. It represents the middle 
of the country rightly, supposing you to be looking 
straight at the middle, but the outsides are crowded, 
and the map would be quite illegible at the edges if 
you attempted to take in anything approaching to a 
whole hemisphere. 

The ffnomomo projection supposes the eye to be at the 
centre of the sphere, and the required portion of it is 
projected by straight lines from the centre on a plane 
touching the sphere at the middle of the map, which 
has to be reversed, as it is taken from the inside of the 
globe, though that is right for stars. All great circles, 
such as equator, ecliptic, meridians, however they may 
lie, must now appear as straight lines, because the 
plane of every great circle passes through the centre 
of the globe where the eye is. Small circles, such as 
those of latitude and declination (which is the same on 
the celestial globe of stars as latitude in the terrestrial, 
or distance from the equator), appear as concentric 
circles if the map is polar. But if the centre of the 
map is not the pole, the small circles will become 
ellipses, of curvatures depending on their position. 
Some star maps are made on the supposition of the 
sphere being enclosed in a cube, and one sixth of it 
projected gnomonically on each of the six sides of the 
cube ; but the outsides of each map are considerably 
widened, and so the stars appear much more thinly 
spread there than they really are. 

If you suppose the globe transparent and the eye at 
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the antipodes f or the opposite end of a diameter to the 
country looked at, it is seen projected stereographiedOy 
on any plane at right angles to that diameter, such as 
a plane touching the sphere at the other end of the 
diameter, or a glass plate parallel to that and nearer to 
the eye. This is in tad a perspective view of the 
country from the middle of its antipodes; for perspec- 
tive only means transparent, and the glass plate theory 
is the foundation of aJl perspective drawing. But the 
country must be reversed for the map, as it is seen from 
..the inside instead of the outside of the globe. This 
method has the advantage of preserving the shape of 
every part ; but the middle parts are now more crowded 
than the outsides, though not so much as the converse 
in the orthographic projection. 

The equidistml projection is an improvement on the 
stereographic ; the eye is raised above the sphere, still 
considered transparent, 707 of the radius (which is the 
proportion of a side to a diameter of a square, and of 
half the chord of a quadrant to the radius). If you 
draw a circle standing on a tangent, which would be 
the vertical section of a sphere standing on a table, 
and divide the lower part into any equal divisions, and 
draw lines through them from a point 707 above the 
circle, you will find that those lines cut the tangent at 
very nearly equal distances. Therefore if a map of 
stars for some considerable distance round the pole star 
is made in this way, they will all be represented 
practically at the right distance from the pole star; but 
still they will be rather widened out in their distances 
from each other towards the edge of the map ; for this 
is not quite an isographic projection, though very 
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nearly so up to (about) 40^ from the centre of the map. 
It is used in Mr. Proctor's star maps, in which the 
heayens are divided into 12 circles, each comprising 
one of the 12 pentagons into which a sphere is divisible. 
Two of these embrace 38° round each pole, and 5 lie 
north of the equator, and 5 south, all overlapping 
a little. The superiority of this division is clearly 
shown by him, but is beyond the scope of this book. 
It is worth while to cut out in card a pentagon sur- 
rounded by 5 others, and make a pair of them, and then 
double them up into two dishes, and see how they would 
fit together over a sphere, making a dodecahedron, or 
solid of 12 equal faces. 

In fact isographic maps may be made in many ways, 
for you may always contract in one direction as much 
as you increase in the other. It is only worth while to 
notice one more way of making a polar map of that 
kind, suggested by Mr. Proctor in his ^Essays on 
Astronomy.' Suppose a hemispherical cup set in a 
hemispherical dish of twice the diameter, both trans- 
parent. Spots or horizontal circles of the cup are to 
be projected on the dish by lines from the centre 
of the larger sphere, and tiiose projection-spots or 
circles are again to be projected orthographicaUy, 
or straight down on the table on which the dish 
stands. The area or ring between any two of the 
flat circles will equal the corresponding ring of the cup, 
the flat rings getting narrower as they get larger. In 
fiEU^t not merely a hemisphere but a whole sphere may 
be so represented, but the distortion becomes intolerable 
when the rings increase in the map while they diminish 
on the sphere. 
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In Mereator's prajedion, which is a fayourite one for 
mapsy the globe is supposed to be stretched out on 
the inside of a cylinder which touches It all round the 
equator, and the cylinder is then cut and opened out 
flat or 'developed/ But besides that, since parallels 
of latitude in England would be stretched wider to fit 
the cylinder, in about the proportion of 43 to 69 (p. 10), 
therefore degrees of latitude or the lengths of pieces of 
the meridian are drawn in such maps wider than those 
near the equator in the same proportion, in order to 
keep the ^ue proportions between the length and 
breadth of each dirision of the map ; and the dimen- 
sions increase still faster towards the poles ; for this 
reason it is unfit for maps near the poles, and the 
maps of countries of high latitude must be made on a 
different scale from those near the equator ; or rather^ 
as if they had been developed from a different globe, in 
order to get them on anything like the same scale. 

A modification of Mercator's projection may be made 
isographicy but again distorting the shapes in order 
to equalize the areas. If a sphere is surrounded by a 
cylinder, each band or zone of the sphere equals the cor^ 
responding band of the cylinder, viz., the band included 
between the same levels. Therefore a zone, or any 
country of it near the poles, would be very much 
widened east and west, and shortened north and south, 
but its area would be correctly represented on the 
cylinder. 

There is yet another, very convem'ent for some pur- 
poses, called the conical projection. Suppose you want 
to map a country in the latitude of England. A hollow 
cone is supposed to be dropped over the globe, of such 
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an angle that it will touch it all roand at latitude 52^, 
and therefore the top of the cone will be vertically over 
the north pole. Then the country is drawn as it would 
appear on the inside of this cone to an eye at the centre 
of the earth, and the cone is * developed/ Consequently 
the meridians are all straight lines converging towards 
a point which was the top of the cone, and the parallels 
of latitude are nearly equidistant, and in fact are drawn 
quite so for convenience. In this there is scarcely any 
distortion for a moderate breadth of country from north 
to south, or a zone between two parallels of latitude 
near to the circle of contact with the cone. This also 
is used for star maps, and so indeed are all the piDJec^ 
tians, except Ifercator's and the orthographic, but the 
equidistant clearly is the best 

Sir J. HersoJiel remarks that London is very nearly 
the centre of that hemisphere of the globe which con- 
tains more dry land than a hemisphere described round 
any other place as its pole. Those who have read a 
little Greek history know that Delphi was called the 
navd of the world, being then supposed to be the 
middle. The real one, you see, is not in Greece, 
but in England. In order to see this, take a terrestrial 
globe, and elevate the north pole 51^^ above the north 
side of the wooden horizon, and bring London up to 
the brass meridian: then all above the horizon is the 
hemisphere which hae L<mdon for its pole or highest 
point, and it includes all Europe and Africa, and all 
Asia except a iew promontories^ and all North America 
and most of South, leaving only the rest of it, and 
Australia and some islands, to the other hemisphere. 

The following proportions of land and water over the 
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globe, and the north and south hemispheres, and the 
five ccHitinentSy with their islands, have been ascer- 
tained by weighing paper patterns of them taken 
from a globe. All the water is 145 million square 
miles, and all the land 51^; water north of equator 
59, land 39; water south of equator 86, land 13; 
land in Asia 18, Africa ii^. North America 9^ South 
6J, Europe 3^, and Australia 3. The northern hemi- 
sphere has therefore three times as much land as the 
southern. 

The earth's surface is four times the area of one of 
its great circles or 3*1416 times that of a square sur-^ 
rounding it, only that has to be reduced about a 400th 
for the ellipticity of a 298th; and the result is 197 
million square miles. The surface of any zone, or 
band round the earth between two parallels of latitude, 
is proportionate to its thickness, neglecting the ellip- 
ticity. Therefore the surface of each hemisphere is 
divided equally at 30^ of latitude; for a cut through 
there cuts the axis half-way between the pole and the 
equator. 

The solid content of a globe is '5236, or a little more 
than half, of the surrounding cube, or 4*1888 (i.e. J *) 
of the cube of its radius. And that of either a prolate 
or an oblate spheroid is also '5236 or about ^ of this 
surrounding elongated or flattened cube. The bulk 
or * volume ' or solid content of any spheroid bears the 
same proportion to the sphere which touches it all 
round its equator (either within or without) as their 
axes do ; but it is not so with the surface, which follows 
no simple rule. Therefore the earth is a 298th le^s 
thfloi thd sphere which would contain it. But a sphere 

c 2 



Digitized 



byGoogk 



,20 Solid Content of the Globe. 

of the same bulk as the earth would only have a 
diameter of 7917-2 miles; for 7917*2^= the polar axis 
X 7926^, which last we saw is the equatorial diameter. 
Therefore the earth contains 259,845,000,000 cubic 
miles. I need hardly say that 7926* and 7917' mean 
those figures squared and cubed, or multiplied by 
themselves 2 and 3 times respectiyely. 



THE LAW OF GRA7ITT, 

It is a far more difficult thing to weigh the earth 
than to measure it; and yet that has been done. 
Newton, by what Herschel called ^ one of his astonishing 
divinations,' hit upon the very weight for the earth, 
which is about the average of the modem experiments 
and calculations, viz., that it is 5jt times as heavy as if 
it were all made of water, or half as heavy as lead, or 
twice as heavy as the heaviest stones we have ; from 
which it is clear that the inside of the earth is violently 
condensed by the pressure of all about it, and it is 
commonly supposed to be fluid. 

But before we can understand the earth-weighing 
experiments, it is necessary to have correct ideas of the 
law of gravity, or universal attraction, which is popularly 
supposed to have been discovered by Newton. But 
that is only true in a sense. You may see in any life 
of Kepler that he advanced the theory of universal 
attraction in 1609, 77 years before Newton published 
his ^Principia FhilosophiaB Naturalis.' He knew that 
the moon's attraction causes the tides, which indeed 
must have been perceived long before. Horrocks, 
before his untimely death at the age of 22, in the year 
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The Law of Gravity. . 2 1 

of Newton's birth, had advanced so far as to attribute 
the moon's ^disturbances' to the difference between 
the sun's attraction on the moon and earth. The 
idea that attraction must yary inversely as the square 
of the distance, or is 4 times as great at half the 
distance, 9 times at a third of the distance, and so on, 
was also entertained before Newton, and was naturally 
suggested by its being the necessary law of emana- 
tions. For suppose light or heat or smell or sound 
to consist of something (no matter what) which radiates 
in straight lines from any body which produces them, 
then at 2 miles or 2 yards from the body the same 
rays will cover a surface twice as wide and twice as 
high, and therefore 4 times as large as at i mile or 
I yard ; i.e., they will be spread 4 times thinner, and 
their effect on each spot will be 4 times weaker than 
before. It is true that this analogy fails when followed 
up, because gravity has no respect to area or position ; 
but it was quite enough to suggest that law to those 
who were speculating on it. 

But guessing at a theory is a very different thing from 
proving it Kepler and Horrocks had no more doubt than 
Newton that the same force which brings down apples 
draws the moon out of a straight course into an orbit 
round the earth ; only they could not prove it, or make 
out that the motion of the apple and of the moon to- 
wards the earth in a second of time correspond exactly 
as they ought if both are due to the same force, mo* 
dified by the distances of moon and apple from the 
centre of the earth. Much less were they able to prove 
that the same force acting accoirding to the same law 
of distance makes the earth and moon describe ellipses 



Digitized 



byGoogk 



22 . The Law of Gravity. 

round each other, and in short do all that gravitation 
does in producing and preserving the motions of the 
universe. 

We have yet said notliing of the size, or rather the 
weight or mass, of the attracting bodies. The funda- 
mental idea of the theory of gravity is that every atom 
in the universe attracts every other ; and consequently 
the complete statement of it is that every body attracts 
every atom outside it in direct proportion to its mass, 
OP the number of its atoms (all supposed to be ulti* 
mately of equal weight), and inversely as the square of 
the distance of the attracted atom from each atoin of 
the attracting body. K the attracting body is a sphere, 
solid or hollow, its attraction is the same on anything 
outside it as if all its mass were condensed into its 
centre ; but that is only a very convenient result of 
mathematical calculation, and is no part of the funda- 
mental law of gravity. ^ Mass,' as used in mathema>tics, 
generally means the same as weight, and not the same 
as bulk or volume, but only when the masses spoken 
of are all referred to the same centre of attraction. All 
things on the earth are practically equidistant from its 
centre, except for delicate experiments, and therefore 
the earth's attraction on them all is very nearly the 
same, and their masses are practically represented by 
their weights. But the mass that would weigh a ton 
in a spring balance on the sun's surface (428,860 miles 
from his centre) would weigh no more than an old six* 
pence in the same balance at the same distance from 
the earth. And remember that whenever we speak of 
distances in these matters, we always mean distances of 
centres, unless it is otherwise stated. So we may talk 
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of either the weights or the masses of the earth and 
planets, on the understanding that they are all to be 
weighed at the same distance from the sun. 

But we baye no such things as single atoms really, 
for all bodies are composed of innumerable atoms, and 
we must remember that B attracts A besides A's at- 
traction of B. And the force with which they would 
compress a spring between them depends on the pro- 
duct, not the sum, of their masses. 

For, as I said just now, the attraction of A on every 
atom of a body B is measured by the mass of A, shortly 
called A ; and the pressure between A and two atoms of 
B is twice as much as that of one, and therefore of B 
atoms it is B times as much ; and therefore the pressure 
between A and B is measured by A x B, modified of 
course by their distance, supposing them to be either 
in contact or kept apart by a rigid rod. So the weight 
of everything on the earth is the earth's mass x the 
body's mass -r- earth's radius^. The attraction of the 
earth at its surfjBLce, or earth's mass -f- radius^ is usually 
called ^gravity,' and written g when we are talking of 
things near the earth's surface, where g is practically 
constant^ though subject to a little variation on account 
of the earth's shape. But when we get to the moon, 
the earth's attraction is of course greatly reduced by 
the distance. 

Inertia. — In astronomy, however we have not 
pressure to deal with, but motion, and then another 
element comes in, viz., the inertia or resistance of every- 
thing to disturbance, whether from rest into motion, or 
from uniform motion in a straight line into a curve, 
or acceleration, or retardation, or stopping of that 
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uniform motion. While a pendulum or a stone is con- 
tinually accelerated in falling and retarded in rising by 
gravity, or what we call its weight, which means its 
mass X the earth's attractive force, its inertia is also 
simply represented by the mass, though it might con- 
ceivably have been otherwise. Therefore, although the 
dead pressure between A and B at distance AB is 
A ^ B -r AB^, the attraction of A on ^^ which is 
called the acceleratmff force on B (disregarding A's own 
motion), is that same quantity -f- the inertia of B, i.e., 
by B, and is therefore simply A -f- AB^ ; which you see 
is independent of the mass of B. And therefore it is 
true, paradoxical as it seems, that the earth moves the 
sun as much as if he were a pea, though the earth's 
own jXLOtion, and therefore their relative motion, is 
varjr d^erent. Though two pounds have twice as 
much pressure as one, they fall no quicker, because 
they have also twice as much inertia; and indeed it 
would be absurd to imagine that two pounds coidd fall 
any quicker for being stuck together — except so far as 
they are affected by the resistance of the air, which 
alone makes a bunch of feathers or a cloud of dust tall 
slower than a leaden weight 

We often have occasion in astronomy to treat one of 
a pair of mutually attracting bodies A, B, as if it were 
at rest, and all the motion given to the other. And as 
the accelerating force on A is B -f- AB^, and on B is 
A-7- AB^ the relative accelerating force between them is 
( A + B) -7- AB^ which is the same as if B consisted of 
a single atom, and A of (A -f B) atoms (neglecting the 
one left for B). Therefore when we want to deal with 
the earth as at rest and give all their relative motion 
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to the moon, we have only to consider the moon as an 
empty shell and all her mass added to the earth. 

Yon may haye read that Faraday thought it para- 
doxical and contrary to another now uniyersally re- 
ceived law, of the * Conservation of Force/ or the 
constancy of the sum of all the forces in the universe, 
that bodies should gain in attraction as they approach, 
and vice versa. And though mathematicians at once 
perceived the fallacy of the objection, I do not know 
where it has been specifically pointed out. He 
strangely forgot that bodies cannot be and cannot have 
been originally separated from each other without the 
exercise of force. The distance of everything from 
everything else represents the force which has at some 
time or other been employed by the Creator, directly 
or indirectly, in separating them ; and a body in falling 
again to the earth develops just as much force or heat 
in striking, or would do the same amount of work, as 
was used in raising it ; so that Sir W. Grove's law of 
conservation of force is not violated, but conserved, 
by Newton's law of gravity and distance. 

Again Faraday asked in effect this question, which 
involves the same fallacy in another form : — K A is 
attracting B with some given velocity, and C is intro- 
duced close to B, or anywhere in the same direction, 
how can A have as much force to spare, emanating in 
the same direction, as will move C as much as it moves 
B? But who can introduce a new body into the 
universe ? Whatever power could do that could intro- 
duce it with the same conditions as all other bodies, as 
to attracting and being attracted. C must have been 
existing somewhere from the beginning under the uni- 
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versal conditions of the law of gravity. And though 
introduced beside B is accelerated by A as much as B 
is, we must remember that their mutual attraction and 
approach is thereby increased, for A is accelerated twice 
as much as before, supposing for simplicity that C = B. 
So there is no paradox at alh 

Philosophers have naturally speculated on the cause 
of gravity or the manner of its action, but with no 
success as yet, Newton's great name is invoked to 
support a modern axiom, that ^ a body cannot act where 
it is not ;' or, as he more rationally put it, * through a 
vacuum, without the intervention of anything else by 
or through which the force may be conveyed from one 
to another,' which he pronounced inconceivable. The 
modern discoveries that light and heat are identical, 
and consist of vibrations of an imponderable * aether ' 
pervading all space, and that electricity can produce 
them both and is identical with magnetism, which 
notoriously attracts, have led to conjectures that gravity 
might somehow be identified with them. And though 
mathematicians could not accept Faraday's notions as 
to the law of gravity, some of them have been disposed 
to accept that other conjecture of his, and have maxie 
ingenious calculations to show how vibrations may 
produce attraction. He confessed, however, that he had 
never been able to find a single experimental fact in 
support of the identity of those forces, though he never 
formally abandoned it; and as Newton undoubtedly 
maintained an erroneous theory of light, we are in 
nowise bound to accept his dictum unsupported by 
the smallest evidence on another point somewhat 
analogous. 
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There are also several serious objections to it All 
bodies are in some degree elastic or compressible, and 
gaseous bodies especially. Therefore their atoms, and 
also those of any other gas which may be enclosed with 
them in any compressible yessel, cannot possibly be in 
contact, or they could not be brought closer, but are 
kept apart by some repulsiye force, as we know they 
are in gases to immense distances. If so, there is a 
yacuum between them, whether small or large, across 
which both attractive and repulsive forces act ; and so 
there is an end of the dictum that they cannot act 
through a vacuum ; and in fact every atom does ' act 
wb^re it is not,' if we conceive the atoms themselves to 
act at all, which again is a mere guess, and, I thin^ 
demonstrably a wrong ona 

For that demonstration we must anticipate what has 
not been explained yet of the motion of the earth. Sir J. 
Herschel remarked, in his ^ Familiar Lectures,' what is 
easily proved by mathematics, that if gravity took any 
sensible time to travel, the length of the year would 
have been very sensibly increased from tiie earliest 
astronomical dates until now; but that is not the 
case. Moreover, every astronomical calculation respect- 
ing the most distant planets, many times farther than 
we are from the sun, proceeds on the theory that 
gravity takes no time to travel those enormous 
distances, and all those calculations are verified by 
observation. Therefore, so far as we have any means 
of judging, gi*avity does act instantaneously. But 
it is self-evident that undulations or waves cannot 
be transmitted in no time at all, however fast we 
may conceive them to go; therefore (according to 
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all present knowledge) gravity cannot consist of undu- 
lations or vibrations.* 

All those other forces which do consist of yibrations 
are temporary and variable, and require to be main- 
tainedy and can be diverted or changed into some- 
thing else. Even what is called a permanent magnet 
has been made and can be unmade, though nobody 
knows what its force consists of while it lasts. But 
gravity alone is invariable, perpetual, self-maintaining, 
inconvertible, insensible to cold and heat, to chemical 
or electrical forces (which only prevail over it — when 
they do— as two pounds prevail over one), incapable of 
being increased, diminished, intercepted, diverted, as 
essential and fixed a quality of all bodies as their inertia 
or resistance to disturbance. All that we know of 
either of them is that they both vary as the mass of 
the body, and that it is a law of nature that they do. 

And what is a law of nature, or indeed any other law ? 
It is only a statement of what invariably is or is to be 
done. No law can enforce itself: it requires a living 
power to enforce it continually, and never less power 
to enforce than to ordain it. When we say that laws of 
nature are invariable, whatever we think we mean, we 
really do mean that they are invariably enforced, i.e., that 
some power exists which always makes the same efiects 
follow the same causes, or makes the atoms which 
constitute the various kinds of matter in the universe 
always behave in the same way in the same circum- 

"* So far as I ]^ow, this last objection was first propounded by me 
in the ^English Mechanic' in February 1873. The other is not new ; 
but I have seen no answer to either of them by those who support the 
transmission theory of gravity. 
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stances. And all that we really know of the natnie, 
origin, or action of gravity is that there exists some 
power which inyariably makes every atom of the uni- 
verse tend to approach every other with a force varying 
inversely as the square of distance; the measure of 
it at some one distance for some one mass having 
to be determined by experiments as a standard or 
unit for calculation of all others. Not that this con- 
clusion is peculiar to gravity, or is any less true of 
forces acting .by vibration. Matter, which means no 
abstraction here, but all the atoms and lumps of matter 
in the universe, can only behave as it is made to do by 
the continued action of the living power which we call 
creative for want of any better name, but which means 
a great deal more. A body undisturbed by attractions 
might as well go on for ever with uniform velocity in a 
straight line as be at rest, for it must require as much 
force to stop it as to start it ; but to divert it continually 
out of a straight course into a curved one, or to increase 
the velocity of a stone fsdling, or diminish it in rising, 
requires as much exercise of fresh force at every moment 
as at the preceding one, and therefore the action of 
some power, which is not the less a living power 
because it acts invariably. It must be remembered, 
however, that no speculations about the nature of gravity 
can affect the law of gravity, which is the foundation 
of the whole of what is called Physical Astronomy. 

VfEIGHIKa THE EA.BTH. 

The Schehallien experiment. — The di£Sculty of 
weighing the earth arises from the extreme smallness of 
the attraction of the largest bodies that we can weigh 
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directly. The heaviest thing we have is platinum, of 
nearly 4 times the earth's density. Suppose we could 
make a globe of it 100 feet in diameter, which would 
weigh about 300,000 tons, and suppose we hung a ball 
by a long string only an inch off it, the string would 
have to be if mile long for the globe to move the ball 
that one inch against the attraction of the earth pulling 
it down ; for by a well-known law of mechanics the 
deflection is to the length of the pendulum as the 
attraction of the globe is to that of the earth ; and it 
follows from what I have said already, that any sphere 
attracts at its surface in proportion to its mass, i.e.^ 
4' 1 888 X the cube of its radius -r- the radius^, and there- 
fore attracts simply as its radius ; and the density of 
platitkum being nearly 4 times that of the earth, the 
attraction of that globe is to that of the earth nearly as 
50 X 4 to 4000 X 5280 (the feet in a mile) ; which you 
will easily see requires the pendulum to be if mile 
long for the deflection of an inch to be produced by such 
a globe of 300,000 tona Such an experiment is of 
course otit of the question, and to get any sensible 
deflection of even a very long pendulum, we must use 
the mana of a mountain, though its irregular shape 
involves some difficulty and uncertainty in calculating 
its attifaction. The first experiment of that hind was 
performed at the Schehallien in Scotland, and it has 
always since gone by that name. It has been done 
again at Arthur's Seat, near Edinburgh,* and also at 
Mont Cenis, now more famous for its tunnel, and the 
results have all feirly agreed. 

"* See 'Phil. Trans, of 1856,' both for this experiment and the 
Astronomer Boyars, p. 36. 
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The nature of it is this. If two plumb-lines are 

hung 100 feet apart, they make an angle of i" with 

each other, because each is pointing, we may say, to 

the centre of the earth; and therefore at 6000 feet 

apart, or rather more than a mile, the plumb-lines 

would be inclined i' to each other. But if there is a 

great mass of mountain rising between them, that will 

attract each of the plumb-bobs, and draw them nearer 

together, because all matter attracts all other matter. 

The mass of the mountain can be ealcolated from its 

size and weighing specimens of the rocks which it is 

composed of; and it is possible to calculate how much 

the mountain ought to draw the plumb-bobs aside, and 

make tiiem conyerge more than i', if the whole earth 

were of the same density as the mountain. But in fact 

the mountain never does attract them so much as it 

oaght on that supposition. Therefore that supposition 

of the mountain being as dense as the average density 

of the earth is wrong, and mathematicians can calcnlate 

how much wrong, or how much the average density of 

the whole earth exceeds the ascertained density of the 

mountain, and they find that the earth must be on the 

whole about twice as dense or heavy as if it were all 

made of the same rocks as Schehallien, andabont 5^ 

times as heavy as water. 

The Cavendish experiment, as it is always called, 
firom its first performer in 1798, was invented by the 
Eev. John Mitchell, who did not live to do it. It was 
d(me again, many times over during four years, with 
every possible care to secure accuracy, by the late 
Francis Bailey, P.R.A.S., whose experiments fill the 
whole 14th volume of the *EA.S. Memoirs.' Caven- 
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dish's are in the ^FhiL Trans, of 1798/ It has also been 
done by Dr. Beitch abroad. What is called a torsion 
balance can be made more sensitive than any balance 
moying np and down, by hanging a longish rod with an 
equal ball at each end from its middle by a long and 
tiiiQ wire. On another strong cross bar there are two 
large globes of lead so arranged that by pulling certain 
ropes they can be brought up close to opposite sides of 
the balls, or of the glass case in which the balance is 
enclosed, so as to attract them both against the torsion 
force of the wire, and the deflection is measured. But 
how is the strength of the wire to be measured? By 
the time that the balls take to swing back again when 
the globes are withdrawn. Those vibrations in some 
cases took no less than 1 5 minutes each, which would be 
the time of a common pendulum 512 miles long, or the 
earth's attraction would have to be 8 10,000 times weaker 
than it is for a common seconds pendulum of 39*14 
inches to swing in 900 seconds. With stiffer wires the 
vibrations were of course &ster. 

Tou must accept it as proved that the time^ of a 
pendulum varies as its length, and that the time^ of 
a pendulum of given length varies inversely as the 
force of gravity, i.e., as the mass of the earth (which 
we want to ascertain) -7- its radius^. In like manner 
the time^ of a torsion pendulum varies^ inversely as 
the force, i.e., the stiffness of the wire; and two balls 
hung IQ this way will swing twice as slowly as if 
they were half the weight, though the time of a 
swinging pendulum is independent of its weight, be- 
cause its weight, which makes it swing, and the inertia 
vary together; while the weights do not move the 
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torsion pendulum, but only supply its inertia. There- 
fore though there are two globes attracting two balls 
and the deflection is doubled thereby, yet the result 
would be the same if there were only one, except 
that the balance could not then exist. The stiffiiess or 
torsion force of the wire is measured inversely by the 
deflection caused by the attraction of the globes. And 
as the stifiness also yaries inversely as the time^ of 
vibration, it follows that the attraction of each globe 
when the balls have come nearest to them is measured 
by the deflection -f- time' ; while the attraction of the 

earth is measured by g^^ of a pendulum of the 

same length as one of the arms of the balance ; this 
being the short way of expressing that forces vary 
inversely as the time.' 

The rest is easy calculation. For the attraction of 
the earth is to that of the lead globes as earth's 
density X radius^ . density of lead x radius' of globe, 

radius' ^ distance' of globe and ball 

taking care to measure all the lengths in either feet or 
inches. Deflection being an angle, we mast use its 
numerical value ; and as it is a small one, if the length 
of the arm is d times the movement of the balls, we 
shall have this result for the comparative densities: 
earth seconds' of vibration x d x radius' of globe. 
lead ■" distance' of centres x earth's radius 

The arms of the balance used were not in fieict so 
long as 39 inches, but about 2 feet, and therefore we 
must put fl d for d. It may be observed that since 
both the time' of vibration and the deflection vary as 
the weakness of the wire, that quantity time' X d will 
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be the same for all wires, so long as the globes and 
balls are the same. Not only have the balls to be 
encased in glass, but other casing was used, and the 
obserrer himself was not in the room, for fear of 
creating currents of air by his own heat, but worked 
by ropes outside, observing through a telescope in the 
wall. It is satisfactory that in spite of the difficulties 
in both kinds of experiments the results all agree 
within moderate limits ; for the Cavendish experiments 
(rejecting doubtful results) ran from about 57 to 5*3, 
and those of the Schehallien class from 5*3 down to 5 
at Mount Oenis; so that Newton's * divination' of 5*5 is 
as likely as any to be right. And that makes the 
actud weight of the earth about 5842 trillions of tons 
(a triUion being i with 18 cyphers), since 36 cubic feet 
of water weigh a ton, or a tank 6 feet square every way 
holds 6 tons. 

Perhaps it would be possible to perform the experi- 
ment directly with a balance of the common form. 
Suppose two balls of lolbs. (70,000 grains), each fixed 
at the ends of a very sensitive and long scale-beam, 
with an index beyond each ball. It appears from the 
accounts of some of the finest balances that such a 
balance could be made to move sensibly under the 
addition of a 75th of a grain, about J inch square of 
this paper. If a lead globe of i foot radius is brought 
close under one ball, and another close above the other 
ball, they would produce the same effect as adding a 
5,280,000th to the weight of one ball (by the calcula- 
tion at p. 30), which is the proportion of ^^ grain- to 
lolbs., if the density of lead is twice that of the earth. 

Mine experiments. — We ought to notice another 
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attempt to detennine the earth's density, not because it 
produced any reliable result, but because it proved posi« 
tively that the earth's density increases inwards pretty 
quickly. It can be shown by much easier mathematics 
than are requisite to prove the more simple-looking pro- 
position that a sphere attracts things outside it as if 
it were condensed into its centre, that a hollow sphere 
exerts no attraction at all on a particle P within it, or 
that the opposite attractions balance in all directions. 
For suppose innumerable straight lines drawn through 
P to the surface, so as to divide it all over into little 
squares, it follows from yery simple geometry that the 
sides of any two opposite squares are as their distances 
from P, the squares being so small that each opposite 
pair make the same angle with the lines which join 
them. Therefore the areas of opposite squares are as 
their distances^ £rom P; but their attractions are as 
the areas -f- the distances^ and therefore they are equal. 
And as that applies to every opposite pair, the attrac- 
tions are balanced in eyery direction. 

Consequently gravity would be the same at the depth 
of a mile below the earth's surface as if the shell a 
mile thick were taken o£^ and we stood upon an earth 
of a mile less radius, provided the earth is of equal 
density throughout. And we have already seen that 
two globes of equal and uniform density attract at their 
surfaces in exact proportion to their radii. There- 
fore, if the outer shell of the earth were of the average 
density, gravity at the bottom of a mine a mile deep 
would be a 4cxx)th less than at the top. It is also 
demonstrable by mathematics, that the time of vibra- 
tion of a pendulum yaries inversely as the square root 

D 2 
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of the force of grayity. Therefore at a mile below the 
surface of an earth of uniform density pendulums 
would lose in the proportion of V 4000 to V 3999 ; which 
is practically an 8cx)0th, or i second in 8000, com- 
pared with their rate above ground.* But in fact the 
Astronomer Boyal found pendulums go faster down a 
deep coUiery. If they had only kept the same rate it 
would have proved that the outer shell of the earth of 
that depth was somewhat lighter than the average 
density; but as they actually gained, it proved that 
the shell is much lighter. 

The result obtained for the average density of the 
earth was 6*6, which is so much beyond all the other 
calculations that it cannot be accepted; and as it 
depends on estimates of the density of the outer shell 
all round the worlds it is not to be compared in value 
to the Cavendish experiment which involves no such 
estimates, but merely careful performance. 

It may not occur to every one that the earth's 
average density being twice as great as the heaviest 
rocks at its surface implies a very much greater in- 
crease inwards than if the earth were a cylinder with 
the top only known. There is 7 times as much of the 
earth beyond a radius of 2000 miles as there is within, 
since a globe of radius 4 is 8 times as big as one of 
radius 2. And if the whole earth is called 64 (4'), 
there is a bulk of 37 beyond a radius of 3cxx^ miles, and 
only 27 (3') within it Then, since the density at any 

^ For when two nmnbers differ only by a small fraction, ihe differ- 
ence between their sqnaree is very little more than twice the fraction ; 
and between the cubes three times ; and between the square and cube 
Toots half and a third of it respectively. Here the fraction is a 4000th. 
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depth that we can reach is only 2^ times that of water, 
it is easy to calculate that if the average density of the 
outer 1000 miles is 3, that of the inner 3000 miles must 
be 64 X 5'5 - 37 X 3 all diyided by 27, which is more 
than 9. If we divide that sphere of 30CX> miles radius 
again at 2000 from the centre, and assume the average 
density of the outer 1000 to be 6, its bulk being ^f of 
the whole, we shall find that the density of the inner 
sphere must be 16, and so increasing inwards in some 
ratio of which we know nothing. 

We may make a rough calculation of the pressure 
per square inch on the inner parts of the earth. The 
pressure on a square inch at any depth must be the 
weight of the thicker part of the long pyramid con* 
tained between four lines from the earth's centre to the 
surfBKse, whose cross section is an inch at the place in 
question ; and that weight is the mass of the thicker 
part of that pyramid above the square inch x the 
attraction of the sphere below it But we do not know 
how the density and attraction increase. Suppose, for 
simplicity, that the result of the two variations is that 
the density above x the attraction below any depth is 
constant, then the pressure on a square inch 20CX) miles 
deep is the weight of the thicker half of the pyramid 
4000 miles high and 2 inches square at the base, at* 
tracted by the sphere of 2000 miles radius ; and the thin 
half of the pyramid is only a 7th of the thick half, or 
an 8th of the whole, because ' similar ' pyramids (or any 
other solids) vary as the cube of any of their dimen* 
sions. (Bodies are called similar when all their dimen<* 
sions vary equally.) About 6i cubic feet of 5*5 density 
weigh a ton, as 36 feet of water do. The bulk of a 
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pyramid is a third of the area of its base x its height 
Hence it is easy to calculate that the thick half of that 
pyramid weighs about 26,750 tons. Again, the pyra- 
mid whose cross section is an indi at locx) miles from 
the earth's centre has a base 4 in. square, and there- 
fore is four times as heavy as the other ; and the thin 
end of it is only a 64th of the whole. Therefore the 
thick part will weigh nearly I20,cxx^ tons ; and these 
are the pressures per square inch at those depths from 
the surface, on the above hypothesis, which greatly 
underrates them, for the more the density increases 
inwards, the stronger the attraction becomes, on which 
all the internal pressure dependa If the earth were 
condensed, for instance, into a globe of half the 
diameter, everything on it would weigh four times as 
much as it does, and we could not stand. We can form 
no practical idea of such pressures beyond knowing 
that they must produce enormous heat, independently 
of that which was produced by the concussion of the 
particles which at some time or other ran together and 
formed this globe, which is probably fluid through most 
of its inside. 

It must be understood however that nothing in 
astronomy depends on the absolute weight of the earth, 
except that of the sun, moon, and planets ; their propor- 
tionate weights and all their motions would be just the 
same if we found the absolute weights to be twice or 
half what they are calculated at. Accurate knowledge 
of the earth's diameter is far more important, for on 
that every measure in the universe depends. A mis- 
take in the received size of the earth stopped Newton's 
belief in his own discoveries for some years, because it 
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gave an erroneous measure of the moon's orbit^ and 
therefore of her deviation from a straight course under 
the earth's attraction in any given short time, which 
deviation must bear a certain relation to the space 
fallen through by a stone or an apple in the same time 
if his law of gravity was true. 



MOTIONS OF THE EABTH. 

As soon as it was known that the earth is a globe 
hanging in space, one would think it was more natural 
to conclude that day and night and the apparent 
motion of the stars were caused by the rotation of the 
earth, than by the revolution of that innumerable 
quantity of stars, all keeping their distances from each 
other as if they were fixed in a frame. 

People must have seen too that the elevation of the 
sun above the horizon at noon, and of the moon at mid- 
night, is continually changing, and varies as much as 
47° between summer and winter; and that the sun 
rises north-east and sets north-west in summer, but 
soath-east and south-west in winter, and the moon and 
all stars near the ecliptic the converse of this. If the 
earth does not rotate, that requires a complicated 
spiral kind of motion for the sun and moon and stars, 
something like winding thread round a ball with a con- 
tinual twist, only more complicated, because the twist 
returns every 6 months. If they had allowed the 
earth to rotate daily, the sun's annual and the moon's 
monthly motion would have been simple on the hypo* 
thesis that they both go round the stationary but ro« 
tating earth in planes not coinciding with the equator. 
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But nobody seems to have 6tdopted even this latter 
modification of the old idea of the earth being abso* 
lutely fixed against both reyolution and rotation; much 
less the completely true theory of both, except a veiy 
few singularly wise men, whom nobody believed. In- 
stead of that they invented complicated schemes of 
* cycles and epicycles ' to account for the visible motions ; 
which they did approximately, but broke down under 
more exact observations, even before telescopes were 
invented. Ptolemy of Egypt, the great astronomer 
and astrologer of the second century, invented one 
such scheme, which was received for 1500 years by those 
who believed any, even after Copernicus, a German 
priest contemporary with Luther, had propounded the 
true theory in 1541. Tycho Brahe invented another, 
which did allow the planets to go round the sun, but 
still made the sun himself go round the earth. He 
objected to Copernicus that if the earth rotates eastward, 
a stone dropped from the top of a high tower ought to 
fall a long way west of it. It was rightly answered 
that the stone partakes of the eastward motion of the 
tower, and therefore falls at the bottom. But that only 
answered the objection, and did not prove rotation. 

Newton went further, and said that it must fall half 
an inch east of the plumb-line from a tower 256 feet 
high ; for it takes 4 seconds to fall that height, and the 
top of such a tower moves an 8o,ocx)th faster than the 
bottom in this latitude, where we go above 380 yards 
eastward in a second. On the experiment being tried 
it did BO, and that was the first direct proof of the 
earth's rotation. 

The earth's rotation from west to east makes all the 
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universe appear to reyolve from east to west, or to rise 
in the east and set in the west. For though the moon 
and planets, and the sun too (relatively to the earth), 
go round the earth eastward, or in the same direction 
as the earth rotates, yet their motions are so much 
slower, the moon taking a month and some of the 
planets many years to go round us, that they appear to 
go the other way hourly ; though if you look at them 
at the same hour on successive days, you perceive 
their eastward motion by the stars behind them. In 
this hemisphere, motion from east to west is from left 
to right, looking south towards the sun. In the southern 
hemisphere generally, they have to look north at the 
sun, and so east to west means right to left. At the 
equator they have to turn north to the sun from 
March 21 to September 23, and south in the other 
half-year, with other variations of the time up to the 
two tropics, as you will see- farther on. 

The two following direct proofs of the earth's rotation 
were invented by Foucault. If a heavy ball is hung by 
a long string from the ceiling and set and kept swinging, 
taking care to make it oscillate in one plane and not 
revolve, it will be seen after some time to be swinging 
across the floor in a different direction from that in 
which it started: the reason is that the floor has 
revolved under it with the rotation of the earth. If 
such a pendulum were swung at the north or south 
pole, the floor would revolve under it in 24 hours : at 
the equator it would not revolve at all ; and at inter-* 
mediate places, such as England, it revolves slower 
than at the poles, but still enough to be visible in 
an hour or so. But if the ball is allowed to swing in 
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an ellipse, however narrow, instead of in a plane, the 
ellipse will wheel round in the same direction as the 
Jball, from quite another cause. The best way to prevent 
that is to hang the ball away from the vertical by a 
thread and then bum it. I have heard people object 
that the slight stiffness of the string at the point of 
suspension must affect the pendulum a little ; but if so, 
it would affect it the other way : the experiment suc- 
ceeds in spite of the stiffness of the string. The same 
thing may be shown by the machine called the gyroscopey 
where a heavy disc or wheel, turning on pivots set in a 
ring which itself turns on other pivots at right angles 
to the disc pivots (like the gimbals of a ship-compass), 
will keep spinning in the same plane and with its 
axis pointing to the same star, while the frame which 
carries the ring moves round it with the rotation of the 
earth. This is the more complete experiment, and 
may be performed anywhere ; for if the wheel is spun 
in any latitude, with its axis at right angles to the 
earth's axis, the force of rotation of the wheel will keep 
the plane of the ring directed to the same stan^, while 
the outer frame turns round it on the other pivots, 
which will be parallel to the earth's axis. 

From the earliest times to about 1500 a.d. we hear 
of only one definite suggestion that the sun does not 
go round the earth, but the earth round it, though 
it was also attributed to Pythagoras, but it is not 
known on what authority. Archimedes tells us in 
a book of his own, that another astronomer, Aris- 
tarchus, about 280 B.G., held the opinion that the 
earth goes round the sun in a circle, and that the size 
of that circle is quite insignificant compared with 
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the distance of the stars. Unfortunately for the credit 
of Archimedes, he entirely disbelieved it ; as we shall 
see that much more modem astronomers have dis- 
credited other people's discoveries which were equally 
correct It is true that nothing of the kind appears in 
the only small book of Aristarehus himself which has 
come down to us, ' On the Sizes and Distances of the 
San and Moon ; ' but there is nothing contradictory to 
it, and he may have discovered the motion of the earth 
after he had written his book on its distance from the 
san * One can hardly suppose that a man like Archi- 
medes would take the trouble to combat the opinion c^ 
another mathematician on such an important question 
without knowing that he held it It is quite certain 
however that Aristarehus knew the rotation of the 
earth, and that it is the earth's shadow that eclipses 
the moon. 

But if Aristarehus satisfied himself that the earth 
moves round the sun, the world itself and even the best 
astronomers were not moved into believing it for 
nearly 2000 years more; that is, untU the time 
of Copernicus above mentioned, who propounded at 
once the earth's rotation and its revolution with all 
the plc^nets round the sun. 

Then came Galileo, a stiU greater astronomer, who 
was bom at Pisa in 1564, and died, as Horrocks did, in 
1642, the year Newton was bom, and invented the 
telescope, which gave him the power of examining their 
motions still more accarately; and he found other 
proofs of Copemicus's theory, and (as is well known) 

* I take these statements from the * Iiiyes ' of these two philosophers, 
and qnotfttions therein : I do not profess to have read their books. 
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was imprisoned for three years by the Boman Inqui* 
sition for publishing them.* Afterwards, about 1680, 
Newton made the far greater discoYery of the reason 
why the earth and the planets and the moon all moye^ 
and must move for ever as they do, founded on that 
law of gravitation. I will explain afterwards how 
that law affects them ; for the present we will go on 
with their motions as they are. 

Besides the earth's rotation, everybody now knows that 
it goes round the sun. But if you ask for a direct or 
positive proof of the earth's revolution, I know of none 
that can be given until we come to the * aberration of 
light,' which proves the motion of the earth, not by the 
sun, but by the stars, as we shall see. But the impossi- 
bility of explaining the motions of the planets on any 
other theory is amply sufficient proof. 

The earth then goes round the sun, so as to see the 
same stars again in a line with him, in a year of about 
3651^ days — a day meaning the time of one rotation 
of the earth on its own axis from noon to noon, or the 
average time of the sun's twice passing the same 
meridian. But we shall have to consider the length of 
the year more exactly afterwards, and also of different 
kmds of days which are dealt with in astronomy. 

If the world were habitable all round, and not 
divided by the two great oceans, it would be impossible 
to avoid a sudden break of time somewhere, which 
would make the same day December 31 on one side of 
the boundary and January i on the other side. For 
the days begin and end later as you go west, and 

* Another of the early preachers of the Gopemiean theory, Giordano 
Bruno, was imprisoned twioe as long, and finaUy burnt for it. 
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earlier as you go east ; and if a man could sail round 
the earth westward, he would find that he had lost a 
day in his reckoning by the sun when he came home, 
and that he had gained one by sailing round the globe 
eastward, as the earth turns from west to east, and 
therefore all the heavenly bodies appear to go the other 
way, as explained at p. 41. 

The earth's mean distance from tlie sun (that is, the 
average between the greatest and least distances) is 
92,ooo,cx)0 miles, according to the latest calculations, 
and therefore the whole length of the earth's path 
or orbit treated as a circle is 578,052,560 miles. If you 
work it out you will find that that comes to a rate of 
travelling through space of 65,941 miles an hour, or 
18*317 miles in a second, or 80 times faster than 
sound or an ordinary cannon-ball goes through the air : 
365*256 days being the sidereal year or a complete 
revolution of the earth, and the time is the same as 
if the orbit were a circle, which it is not quite. 

The reason why we do not feel moving with this 
enormous velocity is, that it is practically constant, 
and deviates too little from a straight line for us to 
feel that we are going round a curve. The addition 
of the rotation velocity at night, and the loss of it by 
day, about 1000 miles an hour at the equator, is 
much too little to be perceived, and the change 
is also very gradual. Uniform motion in a straight 
line is as easy as rest, and as natural, requiring no 
force to maintain it. And as we carry the air with us 
more completely than in a closed railway carriage, 
there is no wind or resistance of air such as we feel 
outside the carriage. 
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The centrifugal force from rotation is so much over- 
balanced by the earth's attraction, which is 289 times 
as great at the equator, where the centrifugal force is 
greatest, that it is quite insensible to us. Nevertheless 
things are lighter there than in high latitudes. A 
spring balance which weighs rightly at the poles would 
mark 289 pounds as weighing 288 at the equator, from 
the centrifugal force alone. 

Things weigh less at the equator from another 
cause besides, in a spring balance, or when swung as 
a pendulum, which vibrates slower there. An oblate 
spheroid attracts less there than at its poles, because 
they are nearer to the centre, though the attraction 
at a given distance from the centre is less in the polar 
direction than in any other, as we shall see afterwards.* 
If the earth's density were uniform, the difference would 

be only a fifth of the ellipticity or JL; but the inside 

is much denser than the outside, and it is calculated 

that the equatorial attraction from this cause is a 590th 

less than the polar. Therefore taking both causes 

together, 194 pounds at the poles only weigh 193 in 

the same spring balance at the equator ; and between 

London and the equator 1000 pounds lose about 3, and 

a clock pendulum loses 2^ minutes a day, for the time 

of vibration varies inversely as V gravity. 

Another objection may occur to you, as it did to 

those who imprisoned Galileo, that in several places in 

the Psalms it is said that * the earth shall never move,' 

and so forth. But that has been answered by the late 

* For a particle on the equator of such a spheroid is eyidently 
farther from the whole mass on the average thui in a sphere, and a 
particle on either pole nearer. 
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Dr. McOaul, who showed that the Hebrew word which 
is translated ' moye/ really means to shake or totter ;* 
and so those passages of the Bible, instead of contra- 
dicting the truth, were only waiting to confirm it as 
soon as the truth itself was discovered by the advance 
of science; for the stability of the universe against 
shocks and permanent disturbances is now proved to be 
a consequence of the law of gravitation. The same may 
be said of the famous passage, * Let there be light/ 
which people used to 6tdmire merely for its poetic 
grandeur, and had no idea till this century that no 
other words would have been equally correct ; for it is 
now certain that light is not a thing to be created, 
like water, but rather a state of things, like fire or 
noise. StUl less would a mere inventor of a cosmogony, 
or scheme of creation, have made light older than the 
sun : — i.e., the sun in his present condition. 

ELLIPTIO OBBIT OF THE EABTH; 

Hitherto Z have spoken of the earth going round the 
sun in a circle, as it does very nearly, but not quite ; 
for the earth's orbit is an ellipse, and not a circle. It 
is remarkable that another ancient astronomer, Hip- 
parchus, about 150 B.C., found out that the (apparent) 
orbit of the sun round the earth was not quite a circle, 
though he stopped short of the greater step which 
Aristarchus had probably made for himself 100 years 
befbre, and missed observing that the apparent orbit 
of the sun round the earth is the same as the real 
orbit of the earth round the sun. This figure of the 

♦ • Aida to Faith/ p. 319. 
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Elliptic Orbit of the Earth. 



ellipse is so important in astronomy, that you had 
better learn at once what it is ; for every oval or figure 
like a flattened circle is not an ellipse. Ovals for 
picture frames are often made out of four pieces of 
circles, two of a large one and two of a small put 
together; but no pieces of any circles will make a real 
ellipse. The simplest way to make one is to take a 
piece of thin string with a loop at each end; stick a pin 
through each loop into the table through a sheet of 
paper, leavii^ the string quite loose between them; 
put a pencil in to stretch the string out, and run it 
along, always keeping the string tight : then the pencil 
will describe an ellipse; and there are other ways which 
we need not describe beyond saying that if a straight 
stick has two pins and a pencil stuck in it, and the pins 
run along any two straight lines which cross, the pencil 
will trace out an ellipse. 

Here is a figure of an ellipse with the circle containing 
it. SPH is the string; SH being the places of the 
pins, each of which is a focm of the ellipse ; C the 

centre of ^both the [ellipse 
and the circle; ACD is 
the axis major or the 
greatest diameter, which 
evidently s= the length of 
the string or SP + HP, 
or twice SB. BCF is the 
a^m minor. The nearer to- 
gether the foci are, the more 
the ellipse approaches a 
circle, or the less eccen- 
tric it is; the proporticm of CS to CA is the ecc^n' 
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Mcitt/y which is therefore expressed by a fraction, either 

ayulgar fraction or adecimalyas may be most conyenient ; 

and you see it is much greater than the ellipticity 

EB 

■Xfi (p. 8). When the ellipse is very nearly a circle the 

ellipticity may be called half the square of the eccen- 
tricity. Thus the eccentricity of the earth's orbit is 
almost a 6othy but its ellipticity is a 72^(xx>th. CS alone 
may be called the linear eccentricity. We speak of the 
eccentricity of the planets' orbits, because we are not 
concerned with their centre but their focus, where the 
sun always is. On the other hand, we have nothing to 
do with the focus of a meridian of the earth, and so we 
speak of its ellipticity. SB or AC is also the * mean 
distance,' on which the length of the year depends. 

If you want to find the minor axis of a planet's orbit 
from the major axis and eccentricity (which are always 
the things given) you may do it by this rule: the 
square of the linear eccentricity, i.e., SO* = the sum of 
the semi-axes x their difference, or = the difference 
of their squares ; the reason of which will be evident 
to any one with a little knowledge of mathematics. 
Taking SP alone, which is called the radius vector, 
it evidently varies faster the more eccentric the 
ellipse is; and we shall see the importance of that 
when we come to the moon's disturbances. 

But though the string method is the best for drawing 
an ellipse, there is another definition of it which it is 
important to understand. An ellipse is the oblique or 
perspective view of a circle. For if the circle is tamed 
a little on its diameter, it will cover from your eye the 
elliptic space ABDF, and all the lines at right angles 
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to that diameter, such as OF and y (which letter is 
always used in mathematical books for those lines, called 
erdinates), will be less, in proportion to the ellipticity 
EB, considering AC invariable. But the centre of the 
perspective ellipse does not coincide with that of the 
circle, or fall upon the line of sight from the eye to the 
centre of the circle, unless it is seen so far off that 
all the lines of sight may be considered parallel, as in 
looking at any of the heavenly bodies, except when we 
want to measure them. 

The ellipse is the shape of the orbit of all the 
planets, and of the moons round those planets which 
have any. The linear eccentricity of the earth's orbit 
at present is '0168, or one 60th, of its semi-axis major 
or mean distance of 92,ocx>,ooo miles ; and therefore 
the earth is about 3 million miles nearer the sun at 
one time than another. You may very likely think 
this is the cause of the difference between winter and 
summer ; but it is no such thing. On the contrary, 
the earth happens to be nearest to the sun in the 
middle of our winter, on the ist of January, though it 
has not always been so, and will cease to be so again. 
For the whole ellipse turns round, going forwards, or 
in the same direction as the earth itself moves, 1 1"'8 a 
year, or 1° in 308 years; and at the same time the 
equinoctial points, on which the times of all the seasons 
depend, a« you will see presently, go backwards at the 
rate of 5o"-i a year, or completely round in 25,868 
years. And as one goes one way and th« other the 
other way, it is the same as if the places of perihelion 
and aphelion, or nearest and farthest distances from 
the sun, went forward at the rate of 61 "'9 a year, or 
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Cause of the Seasons. 5 1 

completely round in 20^984 years^ relatively to the 
equinoxes, from wkich all celestial measures are taken, 
though the time of absolute or sidereal revolution of 
the perihelion is 109,830 years; but the motion is 
irregular, and the winter solstice was at aphelion 1 1,700 
<^d 33,300 and 61,300 years ago.* 

The time the earth takes to retnm to perhelion is 
called the tmomalistic year, because the distance of a 
planet from perihelion, or of the moon from perigee or 
point of nearest approach to the earth, is called its trtie 
anomaly. The distance it would haye gone in the 
same time if it moved uniformly, or in a circle instead 
of an ellipse, is its mean anomaly ; and their difference 
is called the equation of the centre: all these being 
measured by the angles described by the radius vector 
round the sun— k)r earth in the case of the moon. The 
anomalistic year is 25 m. longer than the equinoctial 
year, in consequence of the advance of the perihelion. 
But this is (ualy a fact, and not a period used for 
calculation. 

The Seasons. — The real cause of summer and 
winter is that the earth's axis does not stand upright 
in its orbit round the sun, which is called the eeUpttc, 
but one pole always leans 23° 28' towards what we call 
the north of the heavens or fixed stars, and the other 
pole leans as much to the south. Consequently, when 
the earth is on the south side of the sim, the north pole, 
and the northern hemisphere generally, are turned 
towards the sun, and the south pole away from him, 
and it is summer in the north and winter in the south. 
Six months after, the earth having gone half round the 
* Croll on * Climate and Time,* p. 428. 

£ 2 
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Bvaiy the north hemisphere is turned away from him, and 
the south hemisphere then looks towards the sun, and 
so it is winter in the north and summer in the south. 

The north pole being now nearest the sun in winter 
mitigates both the cold and heat of our climate con- 
siderably, though other causes have much to do with 
that, which belong rather to what is called physical 
geography. Sir J. Herschel gives some striking 
proofs that the intensity of both seasons is con- 
sequently much greater in the southern hemisphere, 
which has its winter when the earth is farthest from 
the sun and its summer when nearest; though on the 
whole the southern hemisphere is coldest, for reasons 
which we shall see presently. But ii,ooo years ago 
perihelion was in June instead of January, and it will 
be so again in 10,000 years more. And the difference 
of distances may be far greater than it has been for 
some thousands of years. 

Grlacial periods. — The eccentricity of our orbit has 
long been slowly decreasing, and is now near its 
minimum, and its variation affects^ the intensity of tho 
seasons in the arctic and temperate zones to an amount 
enormously beyond what either astronomers or other 
philosophers * had believed possible, until the investi- 
gation of the subject by Mr. CroU, who has lately 
collected his previous papers into a book called ^ Climate 
and Time.' Some parts of it are beyond the scope of this 
book, and have not the certainty of the strictly astro- 

* It is a pity that this old-&shioiied word has been aUowed to 
aoquire the meaning of either assumption or extravagant praise or 
ridioole, as the case may be, and that people are inventing instead 
various foreign and semi-English, or no-English-at-all substitutes for it. 
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Homioal condasions, which haye not been seriously 
disputed since their first publication. The following 
maj he taken as a summary of them. 

According to the calculations of Le Yerrier and 
others, it seems that the eccentricity has varied thus, 
taking only a portion of the longer table given by Mr. 
Croll, p. 320 : — 

The preflent eooentrioity Ib . . *oi68 or a 6oth 

10,000 to 30,000 years ago it was *oi88 

40,000 . • . • mmimmn . '0109 nearly a 90th 

' 80^000 *04oo 

100,000 '047? 

150,000 '0333 

' 2ioyOoo .... maTJimnn . '0575 an i8th 

250,000 •0358 

joojooo '0424 

350,000 -0195 

400,000 '^'ZoLeoth 

550,000 •0166/ 

750,000 .... mazimmn . -0575 an i8th 

There were some rather higher maxima long before, but that ia 
unmateriaL 

Whenever in that long period of great eccentricity, 
from 80,600 to 300,ocx> years ago, or the earlier one 
6cx>,ooo years before that, our hemisphere was at aphe- 
lion in winter, it was exposed to far greater cold than 
now. When the eccentricity was '0575 we were above 
97 million miles from the sun in winter (of which the 
square is 9409) against only 90 now. The mean winter 
heat of England is now about 39^ But that is only 
39° above an arbitrary zero, which might be anything 
else, and by other thermometer scales is something 
else, for the others take the freezing-point of water for 
their zero. The real question is, how much hotter is 
it than if there were no sun ? It has been concluded 
from experiments by Herschel and others that the zero 
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of space, or the heat in the absence of the snn, is 239^ 
below our zero. It has also been concluded that the 
absolute zero in the absence of all heating infijiiences 
is —461°; which makes the stars give us 222° of heat,* 
or not yery much less than the heat due to the sun in 
winter — ^a somewhat strange result, which makes one 
suspect that the 239^, for the absence of the sun, is too 
high a temperature. Howeyer taking it to be right, 
our winter heat due to the sun when 90 million miles 
off is 278°. And it must vary inversely as the square of 
the distance. Therefore the heat of winter in aphelion 

with an eccentricity of '0575 was i— •=: 239% 

or just our zero; but that coincidence is only accidental. 
If the zero of space is really lower, the difference be- 
tween the winter heat of that period and the present 
would be still more than 39*^, but that is quite enough. 
You may ask however, why does not the increased 
summer heat in perihelion balance the increased cold of 
winter, and melt away the excess of ice so produced ? At 
one time it was taken for granted that it must ; but that 
was the mistake which underlay all the former conclu- 
sions on this subject. Though the direct heat of the 
sun is greater, it has to make its way to the ice through 

* The mode of estimatiDg thiB may be seen in 'TyndaU on Heat,' 
§ 96, and he does not appear to consider it oonolnsive. It appears to 
me impossible. For star-light is praotioally nothing compared with 
sun-light; and yet some of the stars are estimated to have much 
greater intrinsic brightness than the sun, even as seen here. If the 
experiments on which these estimates of the absolute and sunless zeros 
of heat were conclusive, we should be forced to conclude further, that 
star-light is obstructed and turned into heat to an enormous extent in 
passing through space; but it certainly is not in the case of those 
stars ; and these figures can only be ^egarcled as approximations. 
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the vapour and fog which always riges from it, whether 
in a yifidble or invisible form. And though the air 
receiyes that heat^ it then rises and carries it away in 
wind, and radiates it back into space ; and so all that 
heat never reaches the ice, although in very clear 
weather the sun i^ sometimes hot enough to melt the 
pitch one side of a ship while the thermometer on the 
other side is below zera 

Secondly, ice is a fixed treasury of cold in a very 
different way from water. Water at 32^ contains 143^ 
more heat than the same weight of ice at 32°; for it 
takes as much heat to melt a pound of ice as will raise 
a pound of water I43^ This is called the IcUent heat of 
water. Colder ice of course takes still more heat to 
melt it. And the general temperature over a large 
mass of ice cannot rise until the whole is melted. 
Moreover, even if the same quantity of cold (as we 
may say) could Ml in the form of water 143° or more 
below freezing, a vast deal of it would run away by 
mere gravity, and in currents of the sea, which would 
bring return currents of warm water ; just as our tem- 
perature is now compounded of the heat directly 
received from the sun, and of the warm currents of air 
and water in these latitudes from the south-west, 
especially the Gulf stream. But when everything is 
covered with ice many feet and even miles thick, as 
it once was all over England, there can be no such 
interchange of warm and cold water, and the sun has 
to do the whole work of melting the ice through the 
fog, and has not time to do it in the summer. The 
same thing prevails now in high mountains all over 
the globe. It is colder there because the heat radiates 
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&w2Ly faster into space through the thinner air, and 
more snow falls because the vapour raised by the sun 
is condensed by the cold mountain tops, and more falls 
in a year than the sun can melt, and so there is constant 
glaciation. The density of the air diminishes upwards so 
fast that half the weight of the atmosphere lies within 
3 J miles above sea level, and there is no sensible atmo- 
sphere at 80 miles ; and the density of the invisible 
vapour in the air decreases with it, which is the great 
obstractor of the passage of heat, and obstructs radia- 
tion of heat from the earth more than the reception of 
heat from the sun. But for the air thus retaining the 
heat every green thing on the earth would be killed by 
frost every fine night, as it would all radiate away, and 
they would be scorched by day. The clouds reflect the 
heat back again, and so cloudy nights in summer are 
the warmest. 

A perihelionic summer, from equinox to equinox, is 
shorter than an aphelionic one, because the earth goes 
fastest at perihelion ; but that does not signify, because 
the heat and the motion of the earth both vary inversely 
as the square of the distance, and so the quantity of 
summer heat received by each hemisphere is always 
the same ; except that the earth receives on the whole 
rather more heat when the orbit is more eccentric, i.e., 
narrower ; for then the average (not mean) distance for 
the whole year is evidently less, the minor axis of the 
ellipse being smaller while the major is constant. It 
is easily proved by mathematics that the total annual 
heat in any orbit, varies inversely as its area. And as 
the area of an ellipse is 3*1416 x the product of the 
semi-axes, you see at once that the annual heat in an 
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orbit of given major axis varies inversely as the minor 
axis. In ellipses of small eccentricity the minor axis 
is to the major as i minus half the square of the eccen- 
tricity is to I ; and so yon may calculate from the 
above table that the smallest minor axis is not a 700th 
less than the greatest; which would make no sensible 
difference in the total annual heat ; but the difference 
between the greatest and least distance in a time of 
greatest eccentricity is a ninth, and it is that which so 
seriously affects the seasons and climates. 

The glaciation idso tends to increase itself so long 
as the necessary conditions last, by the accumulating 
ice depressing that part of the globe, or raising the 
earth's centre of gravity towards the glaciated pole, 
and therefore the water with it, which then gets frozen, 
and so extends the ice still farther, which again cuts 
off more heat in the next summer. And further still, 
the increased heat of the summer sun raises more wietter 
to fall in snow ; and so glaciation goes on increasing 
until that winter leaves aphelion by the precession of 
the equinoxes. 

Moreover, we shaU see afterwards that the trade-mnds, 
which blow pretty constantly from the north-east in the 
north hemisphere, and south-east in the southern one, 
are caused by the difference of heat &t the poles and 
the equator ; and that difference is of course greatest 
in the hemisphere which is most glaciated; conse- 
quently the trade-wind of that hemisphere carries some 
of the equatorial warm water over into the other, and 
in fact does so now, making the calm region north of 
the equator, and so tends to aggravate the difference 
of temperature between the two hemispheres still more ; 
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for the great oceanic warm currents play a most im- 
portant part in the warming of whatever lands they 
reach ; while the returning cold currents from the polar 
regions always go underneath, and so produce scarcely 
any effect on the land. It is found that the Vater at 
the depth of only 6cx> yards at the equator is no more 
than io° above freezing.* 

All this is reversed in the warmer hemisphere, and 
may be reversed so muoh as to equalise the seasons there. 
The perihelion distance 210,000 years ago was only 
87 millions of miles, of which the square is 7669, and 
substituting that for the former 9409 makes the winter 
temperature 293° above the zero of no sun, or 54° above 
our z&tOy which is only 6° below our mean summer heat. 
There would therefore be perpetual summer in one 
hemisphere whenever the other is in a state of maximum 
glaciation ; even without taking into account the effects 
of the stronger trade-wind then sending over still more 
ofthe equatorial warm water, which we cannot calculate. 
For the last 60^000 years however nothing of this kind 
can have taken place, because the eccentricity has been 
too small; but even now the antarctic glaciation extends 
much farther than the arctic, though the antarctic 
summer is hotter beyond the limits of glaoiation.t 

* * Climate and Time,^ P<^ 119 •' ai^d see farther papers by Mr. Groll 
in the Ph. Journal, 1875. 

t It oannot be due to this cause, but it is an ie^^eeable fact, de- 
duoible from the published Greenwich tables of temperature, that our 
mean winter heat has increased about i ° in every 2 7 years in the last 105 , 
the spring temperature rather more than half that amount, autumn 
rather less, and summer only a fifth or 0*2° in the 27. The rainfall of 
the Ijondon district had also decreased an inch in 60 years, but in the 
last 10 or 12 or 14 the average has slightly risen again. Many small 
rivers have vanished within living memory, and others are diminishing ; 
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Mr. Groll has also made out that much greater 
changes of climate than had before been thought 
possible are due to the yariation of the inclination of 
the earth's axis, which has diminished from the earliest 
days of astronomy about J" a year. It is now 23° 2/ 44", 
and astronomers have calculated that its maximum 
was 24° 36V and its minimum 22% and that one maximum 
was about 1 1,000 years ago. So there would be some 
glacial epochs coinciding with a maximum^ and others 
with a minimum inclination. If the axis were upright 
the poles would leceiye no heat at all, for the sun's 
rays would only graze them. On the other hand^ if 
the poles lay in the ediptic, they would alternately 
receive as much heat as. possible. Therefore the greater 
the obliquity the more heat the polar regions receive. 
It has been calculated that they received an iSth more 
with the maximum obliquity than now, and therefore 
above an i8th less than now with the minimum ob- 
liquity. Each i&th is equivalent to 15° of heat by 
the method of calculation at p. 53. So here is another 
range of 30° of heat, to be compounded with the for- 
mer according to circumstances^ at some periods in- 
creasing the effects of glaciation and submergence of 
one hemisphere^ and at others tending still more to 
make the polar regions temperate^ and even warm, all 
the year round. 

All this concurs with geological evidence from various 
parts of the world; in the evidently successive sub- 
mergences of a great part> if not the whole, of Europe 

no doubt partly from, axtificiial draliDaget and partly txoax the^ continued 
cutting down of woods, which is quite ascertained now to diminish the 
rain of the neighbourhood. 



Digitized 



byGoogk 



6o Several Glacial Periods ; 

and Asia and North America to different depths below 
the sea, and emergences again, and traces of the grind- 
ing of glaciers over rocks now high ; and in their succes- 
sive beds of coal, which is composed of trees and plants 
of interglacial ages, and such as could only grow in a 
warm equable climate ; and divers other evidences, for 
which you must consult Mr. CroU's book. 

He has also deduced, with all but astronomical 
certainty — ^a very different thing from mere geological 
estimates — ^a limit to the time during which the three 
northern continents can have had any existence at all 
for vital purposes ; and that limit is very far within the 
millions of years which some recent theorists have been 
playing with as if they had any number of such ages at 
their command. For we see that about 210,000 years 
ago there was a period of maximum glaciation here, 
besides the minor ones in much less distant times, in 
which a great part of this hemisphere was covered with 
perpetual ice for thousands of years together, and parts 
farther south, which may have escaped that, were kept 
down under the sea by the weight of that same ice 
and overflow of water from the other hemisphere then 
unfrozen. 

These are tremendous consequences to follow, as they 
do, from such a remote and small cause as the disturb- 
ance of the inclination of the earth's axis and of the 
eccentricity of the orbit by the attractions of the other 
planets ; of which neither the largest nor the nearest 
occupies a space in the sky = a 2 sooth of the moon's, 
or larger than a pea at the distance of 125 feet. Even 
that gives much too large an idea of their power of 
disturbance, for that does not vary inversely as the 
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square of the distance, as attraction does, and as ap- 
parent size does, but as the cube of the distance, as we 
shall see afterwards. And therefore, although Jupiter is 
about 25,000 times as heavy as the moon, his disturbing 
force on the earth is only a 320,000th of the moon's, and 
Venus's about the same ; and the effects of the other 
planets are much less.* Yet these disturbances, you 
see^ produce effects on the earth compared with which 
the tides are as nothing. For they destroy a large 
part of the earth for the time as completely as if it 
were burnt up, or crushed under another planet ; and 
at other times they bring constant summer into the 
regions previously buried miles deep under perpetual 
ice. 

Length of day and night.— We have only hitherto 
spoken of summer and winter as the extremes of 
heat and cold, and without reference to the earth's 
rotation. But we know that summer is not only the 
time of warmth, but also of longest days; and to 
explain that we must consider the earth's rotation as 
well as revolution. Take a terrestrial globe and ele- 
vate the north pole 23^° above the wooden horizon, 
which we may take to represent the boundary of light 
and darkness, assuming the sun to stand right above it; 
for of course there is no such thing really as ' above and 
below' in the heavens, and we only use these terms for 
convenience. Then as you spin the globe round for its 
daily rotation, you will see that nothing within the arctio 

* The moon does also produce other disturbanoes of the earth, besides 
the tides which oounteract themselves daUy, instead of accumulating 
like the climatic disturbances. She sways the earth backwards and 
forwards 5790 miles eyery fortnight, besides being the chief cause of 
the precession of the equinoxes, as we shall see presently. 
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drcUj 23i° from the north pole, ever goes below the 
horizon or into darkness; that is, the sun never goes 
below the horizon of the people within that circle in the 
northern midsummer. At the same time nothing within 
the ardarctic oirelsy 23^° from the south pole, comes into 
the light at all, and so those people have no daylight 
in the middle of their winter. The converse of all this 
evidently takes place at the opposite time of the year. 
But half-way between those times, when the earth is 
either east or west of the sun, the two poles are equidis- 
tant from the sun ; and so the light received by the two 
hemispheres is equal. And to measure the length of 
days at those times you must lay the poles level with 
the horizon or boundary of light, and you will see that 
every part of the globe is just as long above as below it, 
or the days and nights are equal. 

Therefore those times are called the eqmnomsy which 
occur on March 21 and September 23. Midsummer 
and midwinter are called the sddices, because the sun 
then stays at the same distance from the eq^iator for a 
few days, as you may see by looking at the ecliptic on a 
globe where it is farthest from the equator ; and the 
days remain of the same length for a short time before 
they begin slowly to get shorter or longer again. The 
nearer you go to the poles the greater is the difiference 
of days and night at all times except the equinoxes. 
Even in the north of England the difference is visibly 
greater than in the south. 

The reason why it is so«cold where the sun never sets, 
IS that his rays generally fall very obliquely on the 
polar regions, as you may see, considering the sun right 
above the globe when the pole is elevated 23^° above 
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the wooden horizon. It is trae that he is higher 
above the horizon of any place on the arctic circle at 
noon in midsummer, than he is here in winter, yiz«, 
47° (twice 23i) against our 28° (lat Sii*'-23i°); and 
in fact the sun is sometimes yery hot there. But in 
the shade it is always very cold, from the absorption 
of all the heat by the ice and snow ; which may be 
called the radiation of cold, as cold bodies absorb heat 
from hotter ones in every direction. 

The polar regions in short are now in a glacial 
condition, and so are the tops of mountains where 
more snow falls in winter than is thawed in summer. 
Professor Tyndall's explanation of that is, that the 
air, and the vapour in the air, decreases rapidly in 
density upwards, and the vapour absorbing the radiated 
heat of the earth leaves less and less of such heat the 
higher you go, though the sun's rays are actually hotter, 
and sometime hot enough to blister your skin in a 
generally freezing temperature. Vapour stops radiated 
heat much more than direct sunheat That is why one 
gets so hot walking in a damp day. 

At the equinoxes the sun appears on the equator, 
which means in astronomy not merely a circle round 
the earth equidistant from the poles, but the plane of 
that circle extended to the heaven. And as the sun is 
always in the ecliptic, the equinoxes are the places 
where the equator and ecliptic cross each other. JPor 
all these purposes we-may properly talk of the earth 
as turning on a fixed axis, and the sun moving roimd . 
the earth in the ecliptic. For their relative motions 
are the same as if they did so; and if ther^ were no 
other bodies in the universe to measure by, no human 
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being could ever have found out that the earth does not 
stand still with the sun revolving round it ; or that the 
sun is bigger than the earth. 

The equator is necessarily as much inclined to the 
ecliptic as the poles of the earth are to that line perpen- 
dicular to the ecliptic which is called the jpoles of the 
eeUptie, whether it is in the sun or the earth. Therefore 
two * small ' circles, each 23° 28' from the equator, are the 
boundaries of the sun's journey to the north and the 
south of the equator. They are called the tropics, which 
means the turning places of the sun ; the northern one 
is the tropic of Cancer, which the sun touches at our mid- 
summer, and the southern is called the tropic of Capri- 
corn, which the sun reaches in our winter and the southern 
midsummer. The band between the tropics is the torrid 
zone, the two arctic circles contain the friffid zones, and 
the spaces between are the temperate zones. They cover 
respectively •4, '08, and '52 of the earth's surface. 

But you may ask, why should the torrid zone be 
always hot, since the sun is 47° away from each tropic 
when he is at the other, while he is almost directly over- 
head to parts of each temperate zone when he is at the 
tropic nearest to it ? The reason is, that places within 
the torrid zone get a greater quantity of sunshine nearly 
or quite direct in the whole year than any places can 
outside of it; and the heat is accumulated, or as it were 
bottled up in the earth, and stays there after the sun 
has left that place or latitude. The heat received any- 
where depends on the directness of the sun's rays, or its 
apparent verticality overhead; for a square foot or a 
square mile of surface evidently catches more or less 
rays from a fire or the sun according as it fjEtces them 



Digitized 



byGoogk 



Two Summers in the Torrid Zone. 6^ 

diveetly or is turned obliquely towards them. Moreover^ 
when the 8nn'<8 rays come from a low elevation above 
the horizon they have to pass through a much greater 
length of air than when they come nearly verticaL The 
air istrips the rays of some of their heat, though not 
aetoally in proportion to the lepgth of air passed 
through. Every place within the tropics has the sun 
directly .over it not only once, but twice a year, and has 
in iietot two summers, one as the sun is going from the 
equator to the nearest tropic, and another as he returns 
over the same latitude towards the equator, where the 
two equinoxes are the proper summers, the snn being 
then vertical there. In those regions therefore a quan- 
tity of heat is accumulated which no place beyond the 
torrid zone can get. Still it is sometimes hotter in the 
low latitudes of the temperate zones than it is at other 
times within the torrid zone. More heat is gained in 
the long sunny days than radiates away in their short 
nights, and the excess accumulates and makes July and 
August hotter than June and May. 

The equinoctial points, where the planes of the 
equator and ecliptic cross each other, are of great im- 
portance in astronomy, because nearly all the celestial 
measures are reckoned from the poiut of the vernal 
equinox, which is called the first point of Aries cys ; the 
autumnal one being the first point of Libra ^. Aries 
and Libra are also the names of two clusters of stars or 
ewatelUxtionif which were imagined by the ancients to 
represent a ram and a pair of scales ; and they are 
still kept as the names of two of the divisions of the 
ecliptic into twelve parts called dffns of the zodiae, which 
are these: — Aries cp, Taurus B, Gemini n^ Cancer ss 
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(of which the first point is the summer solstice^ from* 
which the northern tropic is named), Leo St, Virgo ns, 
Libra =^y Scorpio, m, Sagittarius /, Capricorn VS 
(where the winter solstice is), Aquarius i^, and FiscesX. 
But they are now seldom used in astronomical books*. 
About 2200 years ago the sun used to enter the con- 
stellation Aries when he also entered the sign Aries 
or the equinoctial point; and in the earliest ages of 
astronomy the equinox was in Taurus. But now the 
sign cyo has left the constellation Aries, for the reason 
you will see presently, and is in Pisces, 




As contradictory statements about the movement of 
the seasons in long periods have appeared in other 
books, I add this figure, with some exaggeration for 
distinctness, both of the eccentricity of the orbit and 
of the distance of perihelion F and aphelion A 
from December 21 and June 2i. As we are only 
concerned with the relative motions, it is better to 
represent the sun O as going round the earth E, 
and so appearing (as he does) to enter op in March 
aqd ^. in September. The sun and the apsides FA 
both move in the direction of the arrows at FA; but 
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the equinoxes go the other way among the stars, as 
marked by the arrows at op and :^. 

Trade-Winds. — The heat of the torrid zone and its 
velocity of rotation prodnce these winds, which blow 
constantly in the same directions in the same lati- 
tudes on the great oceans ; though not so constantly 
on land, on account of variations in heat and other 
causes of disturbance. The heat expands the air and 
makes it rise from the equatorial regions ; and then the 
denser air from cooler latitudes comes in, and would 
make a constant north wind (in this hemisphere) if the 
earth were either stationary or cylindrical For if the 
earth had no rotation the air would have no east or 
west motion ; and if it were a cylinder all the air would 
be carried round with it from west to east with the 
same velocity, and would be no more felt as a wind than 
the air you carry with you in a railway carriage, though 
it moves as fast as a very high wind. But tiie earth's 
surface moves 1040 miles an hour at the equator, 900 
at latitude 30^, only 520 at latitude 60^, and at the 
poles its velocity from rotation sinks into nothing. 

Therefore while the air comes south (in our hemi- 
sphere) it is always coming to a place which moves fistster 
eastwards than the place it came from; and so the 
north wind becomes north-east ; just as a weathercock 
would point N.E. in a north wind if you carried one 
with you running east. This is the principal trade- 
wind, blowing from N.E. in the northern hemisphere 
and from 8 Jl. in the southern, up to about latitude 30^ 
Near the equator its eastern character is lost, because 
there is no material increase of velocity in the earth 
as you get very near the equator. Also the north and 

F 2 
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south winds meet there^ and make a calm : but the line 
of greatest heat and calm is a little north of the 
equator, partly from the cause stated at p. 57» itnd also 
because the mach greater quantity of land in the 
northern hemisphere retains heat more than water 
which can move away. 

The air which rose from the equator must go «iome- 
where^and it ^oes in an upper current towards the 
poles^ and begins to fall again when it gets cool, to fill 
up the space left by the air coming to the equator. And 
as that air from the equator started for the north with 
an eastward velocity of 1040 miles an hour, ^and comes 
down again on latitudes which move mudi slower, it 
is felt there as a S.W« wind in this hemisphere, and 
N.W. in the other. This secondary or cmti trade-wind 
prevails from about 30^ to 60^ latitude at sea, and 
makes ships sail from North America to England 
nearly twice as fast as from England to America. 

It is a disputed question whether the great sea 
currents, such as the Gulf stream, are produced in the 
same way, by the difference in weigJit of warm and cold 
water causing a flow of warm surface water firom the 
equator towards the poles, and a retom of the cold water 
underneath ; or by the action of the prevailing winds 
upon the water, modified by its impact on the various 
shores which turn the currents aside. Dr. Carpenter is 
the chief advocate of the gravitation theory, and Mr. 
Groll maintains the wind one, and appears to me to 
have decidedly the best of it, but the subject is too large 
to discuss here.* 

* See also Proctor's ' Light Science,* toL ii., which however does 
tot enter into the controyersy between wiiid and water. 
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The Gulf stream ig said to be equivalent to a river of 
warm water 100 miles wide and 5cx> feet deep, flowing 
4 miles an hour and conveying as much heat from the 
torrid to the frigid zone as that zone receives from the 
SUA; in the wh(^ year. 



PBECESSIOK OF THE EQUINOXES, AND LENGTH 
OF THE YEAiL 

I said at p. 44 that the earth goes round the sun, so 
as to see the same star again in a line with him, or in 
eonjwnetiany in about 365^ mean solar days. The exact 
time is 365*2563 days (omitting further decimals), and 
that is- called a sidereal yeast. But the important thing 
for all ordinary purposes k the year of seasons, called 
the tropieal or equinoetial year: and that is a little 
shorter than the sidereal for this reason. The equinoctial 
points cp and ^ recede among the stars. If that 
imaginary line where the plane of the equator cuts the 
plane* of the eeliptic points this year to any two g^ven 
stars in the east and west, next year it will point 50"*! 
behind them; so that the sun will reach the spring 
equinox, or cross the equator from south to north 
20mb 20s. before he comes again into conjunction with the 
same star as before. Ckmsequently, if we reckoned by 
sid^eal years, the seasons would get sensibly wrong in 
no very long time. This is called the preeeseion of 
the ejuinoaee, because it makes them precede their 
sidereal' time. It was discovered by Hipparchus about 
150B.C. 

The length of the equinoctial or tropical year is now 
settled by astronomers — at least by the English ones, to 
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be 365*2422 16 mean solar days, or 36sd. 5h. 48m. 
47^s. ; and the French measure is practically the same. 
It is reckoned from the time when a mean sun going 
at the average speed determined from the longest expe- 
rience would pass through the mean 00 ; for that sdso 
has its variations, and the motion of 50"* i a year is not 
quite uniform in each year, as you will see presently. 
But first let ns try to realise what kind of motion the 
earth goes through to produce this effect. 

Get a common celestial globe, and set the axis of 
rotation upright, and consider the wooden horizon to 
represent the ecliptic or plane of the sun's orbit. 
Then the axis of tiie globe will be the poles of the 
ecliptic, though they are not so on the globe ; but we 
want the poles of the ecliptic as marked on the globe 
to represent the poles of the equator or of the earth for 
our present purpose. Now let our new north pole of 
the earth lean towards the north side of the room ; and 
you may consider the sun as going round the earth 
from right to left, or west to east through south. If 
there were no precession the pole would always point 
the same way, and the sun would always be among the 
same stars at the same seasons. But the poles of the 
earth twist slowly round the poles of the ecliptic west- 
wards, or the opposite way to the sun, keeping about 
23^° from them, and going quite round in 25,868 years. 
Turning our globe slowly round its upright axis from, 
left to right, you will see the equinoctial points recede 
along the wooden ecliptic : which makes the equinoctial 
year those 20m. 206. shorter than the sidereal. 

The pole star, or the equinoctial stars, of any epoch 
are thus an index to it in the great cycle of precession ; 
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a Draconis, now 2^^ off the pole, was only 3"^ 42' off when 
the Great Pyramid probably was built, about 2170B.0., 
a few centuries after the Flood. Its entrance passage 
is i"" 42' inclined to the earth's axis, and looks due north, 
or lies exactly in a plane through the earth's axis, with 
the wonderfully small error of only 5', or 13 inches in 
the base length of 761 feet, and that in times when they 
had no telescopes. Therefore that pole star then looked 
straight down that long narrow passage exactly at 
midnight on the shortest day, and at its lower transit 
every day. And at the same time the south meridian 
was crossed by the Pleiades in 8 , where the equinoctial 
point was then, and which are associated with the be- 
ginning of the year by traditions and customs all oyer 
the world, including the well-known eastern worship 
of the bull. 

Though the precession of the equinoxes was discovered 
by Hipparchus, the cause of it was first made out by 
Kewton to be the difference between the sun's attraction 
on the nearer and the farther parts of the equatorial 
protuberance round the earth, which is equivalent to a 
ring of matter laid round the globe for this purpose. 
At all times except the equinoxes the nearer h^df of 
that ring is either mostly above the ecliptic and the 
jGeirther half mostly below it, or vice versa^ and in either 
case that difference of attraction acts as follows. Let 
us take the time (our winter) when the half of the 
equator above the ecliptic is nearest to the sun. The 
sun's attraction being always more on the nearer half 
than on the earth's centre, and more on the centre tban 
on the farther half of the equatorial ring, it is equivalent 
to a force which pulls the nearer half as it were with a 
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string to the mn^ and therefore a tittle downwards 
towards the ecliptic, and also pushes away the farther 
half as it were with a long stick, which also tends to 
push that upwards towards the ecliptic* Then why has 
not the equator been long ago pulled into the plane of 
the ecliptic ? Because of the earth's rotation. Attraction 
acts on each particle separately, and for each particto 
the ring is merely an orbit in which it travels round the 
earth's centre. We must therefore consider how each 
particle will behaye under the two forces, the original 
one of rotation with the earth, and this extra force of 
attraction always urging it downwards or upwards 
toward^ the ecliptic We need only consider it on 
one side, say the upper, as the tendency is the same 
whereyer it is. 

It will be easier to understand if we suppose the path 
of this particle round the earth (that is the equator) 
and the ecliptic, to be opened out into a fiat picture thus^ 



the ecliptic being the straight Hne, and cys ss ^^ V5 A <!ie 
course a particle would take if tliere were no disturbance. 
Suppose a wind blowing down on the particle while 
trayelling from cp to upper 25, it will evidently depress 
its course a little into the lower curve ; and as it goes 
on from 2? towards ^ the wind will still depress itb 
course, and bring it down to the ecliptic at ^'. But 
though the new course lies within the old one, it may 
Still come down at ^' at the same angle as it would 
have done at ^, only it reaches the ecliptic sooner, 
'or ^ recedes. From ^' through Vt the same kind 
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ef aetioii takes place ; and so instead of reaclung the 
ecliptic at A, which represents the cmginal ofi opened 
out» nndistnrbed by the force urging it to the ecliptic, 
it will reach the ecliptic at of>\ or op baa receded to cfi' • 
hnt the inclination of the path» Le. of the eqoator, to 
tbe^ ediptie^ has not been altered at the places where 
tfaejr eros» each other, though the equator is nearer 
the- ecliptic at every moment than it would have been 
If there were no finroe tending to the ecliptic. For 
what happens tO' one particle of tiie equatorial ring 
hi^ftpens to them alL This also may be shown by the 
instrument called thegyrosoope mentioned at p» 42. The 
wheel is set spinning in an oblique position, and a smatt 
weight is hung near the bottom of Ihe axis, which would 
pull the axis upright in a moment if the wheel were 
still, but when the wheel is spinning it makes this polar 
axis twist slowly backwards or opposite to the direction 
ef rotation* 

¥or the purpose of explaining the cause of precesrien 
I have only mentioned yet the sun's attraction; but 
in fact the moon contributes to it in the same way, a»id 
even more ; for she also moves nearly in tiie ediptic, 
and attracts the front of the ring or the part which is 
nearest to her more than the middle, and the middle 
morethan the back parts which are fiurthest off. More^ 
over, as the effect of the sun and moon on precession is 
all due to. the differenee of attraction on near and fiur 
pasrfeB of the earth's protuberance, the micxm really does 
more towards it than the sun, though her attraction 
upon the whole earth is very little compared with the 
sun's, who is enormously larger and heavier ; but then 
she is very much nearer ; and the difference between 
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the back and front of the earth is a 30th of the moonV 
distance, but not quite a I2,cxx:)th of the sun's, and their 
differential force is inversely as the cubes of their dis- 
tances, which you must take for granted for the present. 
The result is, that giving the moon the benefit of her 
nearness, and the sun the benefit of his weight, the 
moon does above twice as much as the sun in producing 
the precession ; as we shall see afterwards that she also 
does in producing the tides by the same difference of 
attraction on the opposite sides of the earth. 

The lunar part of the precession varies like the solar, 
according as the moon is near or far from the equi* 
noctial points ; and so it may be least when the solar 
precession is greatest; or they may both be at their 
maximum or minimum together. The 50''*! is the 
average or mean precession in a year. 

Nutation. — There is yet another irregularity in the 
lunar precession. In consequence of the moon being 
sometimes a little above, and sometimes below the 
ecliptic, she does not pull quite on a level with the sun, 
and so produces a sort of nodding of the pole from its 
average motion in a circle round the pole of the ecliptic ; 
and that is called nutation. The poles of the earth, or 
of the equator, go like a man walking between the rails 
round a race course, but with a wavy motion from one 
side to the other, instead of walking along the middle. 
But the word ^ nutation ' is used to comprehend all the 
variations of precession, both forwards and sideways. 
9"'2 is the extent of the nutation on each side of the 
middle or average course of the pole in its circle of 
23^ 28' radius round the pole, of the ecliptic; and the 
length of each wave, or rather half*wave, from one 
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crossing of the middle of the course to another, is 3' 10", 
corresponding to 9*3 years, or half the time of one 
reyolntion of the moon's nodes, or places where she 
crosses the ecliptic. Yon must understand that this 
3' 10'' is not measured round the pole of the ecliptic as 
a centre (in which case it would be 9*2 x 50"' i), but as an 
arc of the great sphere of the heavens, with the earth's . 
centre for its centre, as all the celestial measures are. 

The amount of the nutation, or disturbance of the 
earth's axis by the moon when acting in a different 
direction from the sun, is one of the means used for 
calculating her power of attraction, or mass, compared 
with the sun's. The protuberance of the earth disturbs 
the moon in return, as will he explained when we come 
to the greater oblateness of the planet Jupiter, which 
disturbs his moons still more. 

Before we leave precession, I should tell you of a 
curious use that has been made of it, towards settling 
the question whether the earth is a thin shell of rocks 
full of melted lava or other fluid inside, as some persons 
supposed. The late Mr. Hopkins of CSambridge cal« 
culated that the precession would be greater than it 
is if the earth is not solid for about 1000 miles deep. 
For the sun and moon would twist the axis of the 
earth rather more if the protuberance under the equator 
were fluid; which may be roughly illustrated thus: — 
A pendulum with a bob made of a glass globe filled 
with quicksilver swings] rather faster than a pendulum, 
similar and equal in all respects except in the bob 
being solid* The reason is that the hollow globe does 
not stick to the mercury %nd hold it fast, but slides 
round it as it turns a little in swinging, and so the 



Digitized 



byGoogk 



76 Change of Obliquity of Ecliptic. 

mercury does not tarn with it; whereas the whole of a 
solid bob has ta be turned as well as swung at eyery 
vibration, which uses up more of the force of gravity, 
on which the quickness of the pendulum depends. If 
the earth were not hot within, all subterraneous water 
and all the bottom of the sea would be frozen, and the 
earth itself below a very little depth. 

Not only do the points of crossing of the equator and 
ecliptic recede 50" a year along the ecliptic, but the 
tibUqmty of the eeliptie itself, or its inclination to the 
equator, decreases about half a second a year (p. 59). 
It was 2^° si' in 230 b.o. The reason is that the 
whole ecliptic or plane of tfie earth's orbit is slowly 
lilted by the attractions of the other planets* More- 
over, as it neither turns on the line of equinoxes, as a 
hinge or axis through the sun, nor directly across it, it 
makes the annual precession a littie less than it would 
be otherwise, and also lets it increase a very little, 
00 that the tropical or equinoctial year is 12 seconds 
shorter than it was 2000 years ago, though the absolute 
time of the earth's revolution round the sun, or the 
sidereal year, has not altered. 

Sidereal and Solar Days. — We must now consider 
tfie different measures of a day-. And first we may 
remark that the day of astronomers begins at the noon 
after the midnight when our common day begins, and 
lias no A.M. or p.m., but simply 24 hoars. Thus 1 1 A.M., 
r January 1876, was 25 o'clock 31 December 1875, 
in astronomical almanacs* But there is also a time 
ealled sidereal, which is still more different. The 
sidereal day here begins and ends when the equinoctial 
point cp crosses the meridian of Greenwich. If the sun 



Digitized 



byGoogk 



Sidereal and Solar Days. 77 

is on the meridian at the same time (as he u only at 
the vernal equinox) he will not have qnite got there 
again by the time cp is there again, or at the end of 
that sidereal day; because the earth has meanwhile 
moved on a day's journey in her orbit and passed the 
sun a little, and so has to turn a little more than quite 
round for Greenwich to feuse the sun again, since she 
rotates in the -same direction as she revolves round the 
sun, from west to east, like a small wheel of 8 teeth 
rolling round a very large one of 2922* For that 
small wheel would turn 365^ times relatively to the 
large one in one revolution round it, but 366^ times 
absolutely. So there is one more sidereal than solar 
days in a year. More exactly, a sidereal day is '9973 
of a mean solar day, or 3(solar)m. 55*1 is. shorter; or 
a solar day is i-(X>2738 of a sidereal one; and the 
hours and minutes are in the same ratio. 

A sidereal day then is practically the time of one 
absolute revolution of the earth, or the time between 
two transits of the same star. For the precession of 
the equinoxes makes no sensible difference in a day, 
and it is practically the same thing whether we call a 
sidereal day the time between two transits of <!9 or two 
transits of the same star. Not only is the daily pre* 
cession 366 times less than the aimual, but the motion 
of cp through 50''' I only makes a difference of 3^ 
seconds in the time of the clock, or in the arrival 
of cyd at the meridian at the end of a year, though it 
make^ 20m. 20s. difference in the time of the sun (or 
earth) reaching cp again. There is however a little 
inconsistency in the use of the word ^ sidereal ' for days 
and years ; for a sidereal year measured by the stars 
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is contrasted with an equinoctial year measured from 
cy3, while a sidereal day is measured from op and not the 
stars^ and contrasted with a solar day. The sidereal day 
never begins at 12 o'clock, except at noon on the 21st 
of March, and at midnight on the 23rd of September. 

Equation of time. — We have yet to inquire what 
a solar day really is. I called the equinoctial year 
365*242216 mean solar days. A true sun-dial solar day 
is the time between two transits of the sun over the 
meridian. But such days are by no means of equal 
length, and so far different, that in November the true 
solar time is a quarter of an hour before mean time 
(which is clock time), and in February a quarter of an 
hour behind it That is the reason why the afternoon 
light appears to last so much longer after Christmas 
than at the corresponding time before Christmas The 
causes of the inequality of solar days are the unequal 
velocity of the sun in his elliptical (apparent) orbit, 
and still more, the unequal motion of the sun in the 
direction parallel to the equator, in consequence of the 
obliquity of the ecUptic to the equator. The mean 
solar day then is the average of all these variable solar 
days. And the equation of time is the difference be- 
tween the time of day by the dock of mean time and 
the time by the sun-dial. It is the column headed in 
the almanacs ' Clock before sun,' or ^ Clock after sun.' 
It is practically the same every fourth year, like the 
time of sunrise and sunset, and would be quite the 
same if the year were exactly 365^ days, as leap year 
would restore it then exactly. 
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CHAPTEE IL 

THE SUN. 

Ik considering * the solar system/ which means the sun 
and all the planets and their moons or satellites, it is 
important to get a clear idea of the size and weight of 
the sun, as it is his attraction that keeps them all in 
order, moving in their proper times and distances, 
besides his other equally important business of sending 
light and heat to them — ^if Ihey all have inhabitants to 
use it. According to the latest estimate of dimensions 
of all the solar system (of which I shall have to say 
more presently) the sun's diameter is 857,700 miles, or 
108*23 times the earth's equatorial diameter, but 
108*32 of the diameter of a sphere of eqnal bulk. But 
that gives you no idea that he is above a million and a 
quarter times as big as the earth ; which he is. If yon 
take two bricks and lay them lengthwise, and then put 
two more alongside, and then put four more on the top 
of those four, you will have made a thing of the same 
shape as a brick, but twice as long, twice as broad, and 
twice as high, and therefore eight times as big altogether; 
if you treated three bricks in the same way you would 
make one twenty-seven times as big. And the same is 
true whatever the shape is ; for a body of any shape 
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may be made up of an infinite number of infinitely small 
cubes; and if each of them is doubled or trebled in 
every dimension, the body will be doubled or trebled 
in every dimension, and will therefore be increased 
eightfold or twenty-sevenfold in bulk. This is ex- 
pressed by saying that the bulk, or volume, or solid 
content^ and (if the densities are equal) the mass, 
varies as the cube of the diameter. Therefore the 
sun is 108*32^ or 1,271^4.70 times as large as the 
earth. 

The sun's distance from the earth varies from 
90436,000 to 93,564,000 miles. The mean between 
the greatest and least is called the mean dista/nce; and 
that is now considered to be 92,000,000 miles, though 
you will find it in older books called 95 millions, 
because it was believed to be so until lately. You will 
hear more of that correction as we go on, and also how 
the diameter and distance of the sun are both measured. 
The distance is also 23,213 times the earth's equatorial 
radius, and is certainly 108*25 times the sun's diameter 
whether that and the distance are yet correctly mei^ 
sured or not. (The agreement of this figure with the 
proporticm of the sun's diameter to the earth's is one 
of those remarkable coincidences, of which we shall 
meet with several, which are quite accidental, though 
so close as to suggest the erroneous idea that there 
must be some physical reason for them.) For the sun's 
apparent diameter can be measured easily by mere 
observation of the angle between the rays of light or 
two straight lines coming from his opposite sides to a 
telescope ; and that angle (see p. 9) is simply his dia- 
meter divided by his distance, whether they be as great 
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as we know them to be or as small as the ancieDts 
fancied. The real difficnltj is in measuring the pro- 
portion of the earth's diameter either to the diameter 
or the distance of the son. We shall see afterwards 
how that is done. 

As nearly all distances in the solar system are 
measured by millions, and nobody ever counted a 
million of anything, it is worth while to stop a little 
to understand what it is, by the help of a few specie* 
mens. A million days are 2730 years ; so there have 
been not much more than two million days since the 
creation of Adam, according to the Hebrew chronology, 
and rather more than one million since the time of 
Solomon. A railway train going thirty miles an hour 
and never stopping would take nearly four years to go 
a million miles, and eleven years to go once round the 
sun, and three hundred and sixty years to go from here 
to the sun. A cannon ball, or the sound of it, which 
goes about the same pace, 1 130 feet in a second, would 
take nearly 1 5 years to reach the sun, supposing the 
ball to go on with its initial velocity. If you had a 
million shillings to count one by one, and did it as fast 
as you could for ten hours a day, it would take a fort- 
night ; and the million shillings would weigh nearly six 
tons, and would reach nearly 1 5 miles if laid in a row. 
A million is a thousand thousands, a milliard a thou- 
sand millions, and a billion is a million millions ; a 
trillion is a million billions, and so on. 

The sun's enormous size will be better apprehended 
from the fact that he is 6 times larger than a globe 
which would contain the moon's orbit, his radius being 
nearly twice the radius of that orbit. And yet three of 

o 
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the half-a-dozen stars which alone astronomers have 
been able to measure, or rather to weigh (as you will 
see hereafter), are much larger : one of them 28, and 
another probably 80 times as heavy as the sun. He is 
quite round, not spheroidal like the earth, because he 
rotates too slowly for centrifugal force to produce any 
sensible oblateness. 

Although the sun is above a million times as big as 
the earth, he is only 322,700 times as heavy, and is 
consequently made of much lighter materials. Or more 
probably we do not see the real sun at all, but only his 
luminous envelope, which may be much larger than the 
sun himself. Since the attraction of a globe on any 
part of itself varies as the radius up to that point (p. 35), 
it seems very unlikely that the density of the real 
solid sun is less than the earth's. Measuring by his 
apparent size, his density or specific gravity is only '254 
of the earth's, or not much greater than water, and 
rather less than if he were made of coal. You must 
not suppose that we can measure the sun's density except 
through his size and his weight, which has to be csdculated 
from his effect upon the earth's motion, as I shall show 
you towards the end of the book. The density of any- 
thing is in direct proportion to its weight and in inverse 
proportion to its bulk ; and as we can calculate that the 
sun is only a qua,rter as heavy as he ought to be accord- 
ing to his size in proportion to the earth, we know that 
his average density is only a quarter of the earth's. 
The way to find the density or specific gravity of any- 
thing heavier than water, which is always taken for the 
unit, is to weigh it first out of the water and then hang- 
ing in water by a string as thin as possible, and the 
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specific gravity is the weight in air divided by the 
difference of the two weights. 

In the table at the end of the book I have given the 
specific gravities of the sun and planets, assuming the 
earth's to be 5*5, which is the greatest of them all except 
Mercury, and very much greater than all but Mercury 
and Venus. Saturn is as light as deal and the light 
woods (not cork as Sir J. Herschel says, for that is only 
*24); and the other three great planets and the sun 
are about the same as the very heavy woods and coal. 
But we shall see that there is reason to doubt whether 
we see the real bodies of Jupiter and Saturn, and not 
merely a dense envelope of clouds. Mars and the pioon 
are about as heavy as diamonds and heavier than stones, 
which are generally 27, but much lighter (as the earth 
is too) than any of the common metals except alumi'- 
nium, which is only 2*25 or the same as glass. All 
these densities, remember, are only measured through 
the earth's, which depends on the experiments described 
in the first chapter. 

From the diameter and mass of the sun^ compared 
with those of the earth, we can calculate their com- 
parative attractions and the force of gravity at their 
surfaces. For by the law of gravitation, that- is directly 
as the mass and inversely as the square of the distance 
from the centre. Therefore, since the sun's radius is 
108*32 times the earth's, 

gravity on the sun's surface _ 3227CX) _ 
gravity on the earth's surface " 108*32^ "~ '^^ 
or a man on the sun would feel as heavy as if he had 
nearly 27 others laid upon him, and would be squeezed 
flat by his own weight. 

g2 
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New Dimensions of the Solar System.— The pro- 
portionate dimensions of the solar system beyond the 
moon, i.e. the distances^ diameters, bulks, and masses 
of the sun and planets and their moons, are compara- 
tively easy to discover, while the absolute dimensions 
are very diflScult. The mode of finding the propor- 
tionate distances belongs to a later part of the book. 
The diameters follow immediately from the distances, 
because the apparent diameter, or the angle between 
two rays of light coming from opposite edges of a 
planet to a telescope, is simply the real diameter 
divided by the distance, and that angle can be measured 
easily. The bulks are '5236 (or p x diameter^ allow- 
ing for the spheroidicity if any (p. 19). The masses also 
depend on the cubes of the distances for another reason. 
It is a necessary result of the law of gravity, as we shall 
prove afterwards, that the mass of a sun or planet = 
4 71^ (or 39*48) X the distance' of any body revolving 
round it -r- the (time of revolution)^ Therefore as 
between any two planets, the cubes of their distances 
must be in the same proportion as the squares of their 
periods ; and so the proportionate distances of them all 
are known, even without the trouble of observing any- 
thing more than their periods; though the propor- 
tionate distances had been found before this law was 
discovered by Kepler as a matter of observation, and 
afterwards proved to be necessary by Newton in the 
form just now stated. And that enables us to go a step 
farther, and to lay down the proportionate weights of 
the sun, and of all the planets which have moons. 
For you will easily see that it follows that the mass of 
Jupiter is to that of the sun as the distance' of any 
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moon of Jupiter -i- its period' is to our distance from 
the sun -f- our year' ; and as those distances are pro- 
portionately known, and the periods, we have at once 
the proportion between the mass of Jupiter and the 
sun. The proportionate masses of the planets without 
moons are determined by a much more complicated 
calculation from their disturbances of each other and 
of comets passing near them, at distances which are 
observable in proportion to all the other distances, 
though not absolutely* 

The moment we can find one real distance or dia^ 
meter therefore, we get the scale for measuring the 
whole solar system. Our moon is so near that we can 
find its distance separately, but also too near to enable 
us to determine the greater distances of the sun and 
planets by it — at least not so accurately as by some 
other methods. For nearly a century, until about 20 
years ago, the sun's distance, which is naturally taken 
as the standard for them all, was considered to be 95 
million miles ; and so it still stands, even in Herschel/s 
* Outlines of Astronomy,' uncorrected, save by a note 
at the end of the several latest editions intimating that 
that is probably nearly 4 millions too much. We shall 
see afterwards how this excess was first suspected by 
Hansen from a very small disturbance of the moon not 
quite agreeing with the calculation founded on the 
larger sun's distance. That suspicion was soon after 
confirmed by some experiments on the velocity of light, 
which was found to be about 185,000 miles per second, 
whereas it ought to have been 192,000 according to the 
supposed distances of the sun and Jupiter; for the eclipses 
of Jupiter's moons come 16^ minutes sooner when he 
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18 nearest to as than when he is farthest off; in other 
words, light takes that time to travel over the diameter 
of the earth's orbit And then came some observations 
of Mars, which will be described afterwards, and some 
other things, all tending to the conclusion, that the 
sun's distance lay between 91400,000 and 92,000,000 
miles; and about the year 1864 astronomers came to 
adopt 91400,000, or about a 24th less than before. 

Since the cubes of the distances of all the bodies 
(the periods being fixed) must vary with the mass of 
the * primary ' round which they go, it followed that 
when the distances were reduced a 24th, the masses 
had to be reduced nearly an 8th ; as you may see if you 
compare 24^ and 23^ ; or more shortly by the approxi- 
mate rule in the note at p. 36. And the diameters of 
the sun and planets must vary as their distances, as 
I said just now, and the bulk as the cube of the dis- 
tances, like the masses, though for a different reason. 
80 we may say shortly, that the discovery of the error 
in the sun's distance derived from the transit of Venus 
in 1769 reduced all the linear dimensions of the solar 
system a 24th, and the volume and the weight of all the 
members (beyond the moon) nearly an 8th. 

Here I stop for a moment to remark how much 
better the old, and the mathematical, habit of using 
vulgar fractions in small figures is than the modern 
vulgar habit of per-centingf everything. It is very easy 
to remember, when you have once learnt it (which few 
people seem to do), that a reduction of a 24th cor- 
responds to an increase of a 23rd, a reduction of one 
third to an increase of one half, and so on ; or that any 
two numbers, such as 2 and 3, which differ by one half 
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of the smaller number differ by one third of the larger. 
But no dach rule can be expressed in decimals. Some 
people nowadays will not even talk of half or two thirds 
of anything, but of ' 50 per cent./ and ^ 66 and two 
thirds per cent. ;' and sometimes they talk of a thing 
costing 100 per cent few, as if it were the converse of 
costing 100 per cent, morey instead of being nonsense ; 
for they do not mean that it costs nothing, but half as 
much. If they would condescend to use vulgar fraction^ 
whenever they can be expressed in small figures, and 
especially when the numerator is i, they would save ik 
great many words and make fewer mistakes. In some 
cases decimals are best. 

Latterly however, astronomers had come to think 
that they had reduced the distance rather too much; 
but no new figures had been definitely adopted, because 
they were waiting for the transit of Venus on the 8th of 
December 1874, which it was hoped would settle the 
question as exactly as it is capable of being settled, 
subject to another, but less favourable, transit in 1882^ 
the last there will be until 2004. But the process 
involves a comparison of numerous pairs of observa- 
tions taken as far apart on the globe as possible, and a 
great deal of calculation from them; and up to the 
time when this is written only an approximate result 
has been announced, that the sun's mean distance is 
about 92 millions of miles, instead of the (jii^oofioo 
at which it stood for a few years. 

I should tell you however, that astronomers do not 
speak of the sun's distance in miles : they always de- 
scribe it by what they call his parallax; of which it is 
enough to say at present that it is the earth's apparent 
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equatorial radius, 3963'3 miles (not diameter, remember), 
as it would be seen from the sun's centre; or it is the 
earth's radius divided by the sun's distance, which you 
may easily calculate, from the figures above, is •(X)00043, 
or I -T- 23213, as given at p. 80; and by the rule for 
the numerical value of angles at p. 9 you will find that 
that represents the angle 8'''88, which is the received 
parallax at present, though it may be slightly modified 
when all the transit observations are worked out. The 
old parallax derived from the transit of 1769 was 8"'56, 
and that adopted in 1864 was 8"*94, which was used in 
the previous editions of this book. I shall give some 
account of the transit operations afterwards, and of the 
other methods for ascertaining the parallax of the sun 
and moon and planets, and also of the very few stars 
within a measurable distance. 

Sun spots. — ^Sir W. Herschel's theory is still accepted, 
that the solid sun is a smaller body inside the luminous 
shell which we see, and which is called the photosphere, 
or light-giving sphere of the sun. The spots which 
sometimes appear are holes in the photosphere, but 
whether reaching to the bottom of it is by no means 
certain : it is now thought not. Their depth has been 
estimated at 30,cxx) miles ; and they have enabled us to 
measure the time of the sun's absolute or siderealrotation 
on his own axis, in 25d. /h. 48m., and to see that it leans 
7° 20' from a line perpendicular to the ecliptic ; and such 
a line as that, through any body in the solar system, is 
called the poles of the ecliptic. Therefore the sun's 
equator is inclined 7° 20' to the ecliptic : which means 
that that is the angle between them. The sun's north 
pole leans most towards the earth on September 13 and 
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his south pole on March 11. Therefore spots move 
apparently in straight but oblique lines across his face for 
about the first three weeks of June and December, but 
at other times in yery flat semi-ellipses. Nevertheless 
they do not trayel with the sun as if they were fixtures, 
but sometimes faster than that, especially when near 
the equator ; and in latitudes above 10'' the spots go 
slower than if they were attached to the sun : both of 
which are contrary to what we should expect, as the 
equator of course moves fastest. 

Some sun spots are nearly 50,000 miles wide, and 
are quite visible without telescopes when the sun is 
dimmed by a fog. You may wonder how we can say 
that they are holes in the photosphere rather than dark 
clouds or patches upon it If you look at a church with 
deep windows, the 'splays' or jambs of the windows 
which directly face you look equally wide on both 
sides; but the jambs of the windows which you see 
obliquely look wider on the far side than the near. 
And the spots on the sun have sides, less dark than the 
spots themselves, which appear of equal width while the 
spot is about the middle of the sun, but wider on the 
isiX side and narrower on the near when the spot is away 
from the middle. These varying sides then are almost 
certainly the jambs or sloping sides of the spots, which 
are deep holes in the photosphere. But they are not 
permanent holes like the volcano craters in the moon ; 
for in some years there are none at all. They have a 
maximum every 1 1*1 1 years : and they decrease as they 
come opposite to Venus, and to Jupiter in a less degree, 
but apparently the earth does not affect them: the 
reason of all which is yet unknown. It is now considered 
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certain that sun spots produce magnetic disturbances on 
the earthy and outbreaks of aurora borealis, which is 
an electrical phsenomenon of some kind. They are 
mostly confined to two zones from about io° to 30° of 
latitude, answering to the region of our trade-winds. 

The sun has occasionally been so much covered with 
spots as to diminish its light and heat sensibly.* A 
single spot of 50,000 miles diameter darkens a 290th of 
the bright surface, and the effect of this on the heat 
has to be calculated as at p. 54* Not that we probably 
lose aU heat through a spot. They are generally ac- 
companied with signs of great disturbance, and bright 
patches or clouds called faculse are often seen on the 
left side of the spots, as if they had been blown out of 
the spot and left behind in the rotation ; and changes 
take place quickly. But occasionally they are on the 
right side, or in advance of the spot 

The sun is easily proved to have an atmosphere, by 
the fact that it gives less light near the edges than from 
the middle, which a naked self-illuminated globe does 
not ; for although you see the edges more obliquely, more 
surface is included within any given angle of vision, and 
the loss of light in one way balances the gain in the 
other, as you may easily see if you draw a number of 
lines enclosing equal angles from a very distant point 
to a circle. But if the globe is surrounded by an 
atmosphere which stops some of the light, the rays from 
near the edges of the globe to any distant point will 
evidently pass obliquely through more atmosphere than 
those which go out vertically from the middle of the 
sur&ce. And the thinner the atmosphere is the greater 
is the difference of the length passed through at the 
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middle and the edges. A great deal of what used to 
be included in the term atmosphere is now otherwise 
designated, as we shall see presently. 

Spectroscopy. — ^All the knowledge that we have of 

* solar physics/ or of the composition of the sun, beyond 
the mere behaviour of spots and the existence of 
certain bright surroundings of the sun in total eclipses, 
is due to the great discovery of spedrvm analysis, 
which it is therefore necessary to explain. 

Wollaston in 1802, and Frauenhofer more completely 
after him, ascertained that the spectrum or band of / 
rainbow colours into which a glass prism spreads or 

* disperses ' a ray of sunlight is crossed all over by a 
multitude of narrow dark lines which always occupy the 
same positions among the colours. Either Professor 
Stokes or Eirchhoff first discovered that each of them 
belongs to the vapour of some metal or other substance 
which is burnt in or before a still brighter light. 
But if there is no brighter light behind it to produce 
that contrast, the vapours themselves produce each its 
own line, which then appears bright with a colour of its 
own. So if we could see the full moon in front of the 
sun she would appear dark by contrast, though she 
looks bright by night with only the 700,000th part of 
the brightness of the sun. In short, the spectrum of a 
burning gas through a prism is not a rainbow band, 
but only one or more distinct lines, which appear either 
bright or dark according as there is a darker or a 
brighter light behind them. 

This being estabUshed, you see at once that it affords 
the means of judging of the nature of any source of 
light, however distant, i.e. whether it is a simple incan- 
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descent gas, and of what kind ; for then its spectrum 
will be its own line or lines, which can always be iden- 
tified by colour and position ; or there may be several 
gases together : or we can tell if the general source is 
not gaseous but has only vapours mixed with it or in 
front of it. The spectroscope is a series of prisms 
designed to spread the light more than one will, and so 
to make the lines more visible, for each line is not 
weakened as the whole spectrum is by diffusion. 

The first fruit of this great discovery was the further 
one that the sun's light passes through the vapours of 
many of the common substances of the earth, proving 
that they exist there, and that the heat is enough to 
vaporise even such things as iron, which requires almost 
the greatest heat we can command to melt it. The 
next question is, where are these vapours ? So many 
names have been given by different philosophers to the 
various envelopes of the sun, that it is difficult to avoid 
confusion, and to know whether photosphere, atmosphere, 
chromosphere, leucosphere, sierra, corona, all mean 
different things and what. No one has dealt so com- 
prehensively with the whole subject as Mr. Proctor, in 
his book on the sun, and in later papers in his other 
books, and without constantly referring to them, the 
following is the best summary that I can give of the 
present state of the discoveries and theories on this 
matter.* 

The * photosphere * then, by universal concurrence, is 

the general light-giving or usually visible surface of the 

sun, which is also generally agreed to consist of what are 

called * clouds,' though they are not composed of water 

* See kis * Light Sdenoe/ yoL ii, * On the B\m*B true Atmosphere.' 
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like our clouds. This is the body in which the spots are 
formed as holes, and which is compared by Mr. Nasmyth, 
of steam>hammer fame, to willow leaves thrown together 
promiscuously and overlapping in every direction, and 
sometimes forming a bridge over the middle of a spot. 
Others have likened it to ' rice-grains/ and others call 
the granulations ^ pores :' Sir W. Herschel called them 
^nodules;' all evidently expressing the same idea of 
clouds. But what those clouds are made of nobody has 
yet any idea worth stating as a probable conjecture. 

Outside the photosphere comes the atmosphere; which 
used to be described as 70,cxx> miles high ; and there 
certainly is visible matter, and gaseous matter too, as 
high as that above the sun. But Mr. Proctor expressed 
the doubt whether any genuine atmosphere of quiescent 
gases could be allowed by the sun*s great attraction to 
reach anything like that height. And a discovery has 
been since made by Professor Young of America which 
justifies that doubt, and has reduced the atmosphere 
proper to something like 300 miles. That is too small 
a width for any telescope to distinguish at the dis- 
tance of 90 million nules, because no telescope represents 
two points so separated at that distance by points, but 
by discs which overlap each other. The larger and 
better the telescope the smaller the discs are, but they 
cannot be reduced to points by any means yet known. 
But for about 2 seconds before and after the beginning 
and end of a total eclipse of the sun, when all genuine 
sun light is shut off by the moon, a telescope with a 
spectroscope attached to it displays a series of coloured 
lines, making up together the usual colours, but all in 
separate lines like coloured threads. 
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The usual rainbow spectrum of the sun is gone, 
. because the sun is hidden ; but there is some collection 
of gases just outside it producing their own coloured 
lines as a spectrum for just so long as this body of gases 
occupies the telescope with the spectroscopic end to it, 
i.e. for the very short time that the moon's edge takes 
to traverse this atmosphere. The shortness of the time 
shows that this body of gases is yery thin, or reaches a 
very little height above the photosphere — ^in fact not 
much more than 300 miles, which corresponds to nearly 
3 miles round the earth. This then is the true atmo- 
sphere, and these same lines are really Frauenhofer's 
dark lines in the common solar spectrum; and the 
various metals and other things whose vapours produce 
them must be somewhere on the body of the sun. 
There seems no ground whatever for the guess which 
has been made, that the body of the sun may be cool 
though something outside it is in a state of the most 
tremendous heat. 

Next to the atmosphere comes that which has been 
called * leucosphere ' though it is neither white nor 
spherical — * chromosphere * (or more properly chromato* 
sphere) though it has little or no variety of colours, 
which both the atmosphere and photosphere have — and 
much more appropriately * sierra ' (Spanish for a saw) 
because it appears serrated, as a number of cones or 
flames all round the sun would do. These flames when 
seen in an eclipse are red, and among them there are 
always some ' prominences ' or eruptions so much higher 
than the others as to reach icx),ooo miles high and 
sometimes more, while the general average is about 
50CX). The spectroscope reveals that this is composed 
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chiefly bnt not solely of hydrogen, for sometimes other 
elements show their own bright lines also. In June 
1872 during a time of unusual heat several persons 
observed that the sun's light had not its usual aspect, 
and an Italian observer found ^the chromatosphere 
completely invaded with the yapour of magnesium ' all 
round the sun. Sodium lines also appear. But this 
differs from the atmosphere in being in a state of violent 
commotion, and the * prominences ' especially are proved 
to be projected through that dense atmosphere by some 
violent repulsiye force with a Telocity greater than a 
solid body would acquire in running from an infinite 
distance into the sun by his attraction. 

Then there is the eortmay or that radiation fully a 
million miles high, like what painters call a ^ glory/ 
round the sun, which is visible only in an eclipse ; for 
all attempts to make any of these enyelopes directly 
visible by artificial eclipses of the sun &il by reason of 
the diffusion of his light by our atmosphere. But the 
spectroscope has been able to grapple with this difficulty 
also, and to show these envelopes indirectly by their 
representative lines without an eclipse, by diffusing and 
therefore weakening the general spectrum from the 
edge of the sun, as before mentioned, which diffusion the 
^ lines ' do not suffer. The first suggester of this process 
was Mr. Huggins, the author of other remarkable spec- 
troscopic discoveries ; but the first who actually used 
spectroscopes powerful enough to give the expected 
result were Mr. Lockyer here and M. Jannsen in 
France, whose successes were announced on the very 
same day. All that appears however to be yet con* 
clusively settled about the nature of the corona is that 
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it is certainly an appendage of tlie sun, and in no way 
due to the moon, or to the eeuiih's atmosphere, as Mr. 
Lockyer and others for some time maintained. 

The spectroscopic results do not seem to be accor- 
dant, sometimes giving a continuous rainbow spectrum, 
as from solid self-luminous bodies, and at other times 
only a few bright lines, as from a gaseous source. One 
of those lines is said to be identical with that of our 
aurora borealis, and also of the zodiacal light, to be 
described presently ; but the nature of that also is yet 
unknown beyond the fact that it is due to electricity 
acting on some medium or other, for the magnetic 
needle is always disturbed by it, even in places where 
it is not seen. A full account of the theories or hypo- 
theses about the corona will be found in Mr. Proctor's 
various works, and one on the aurora too in his * Light 
Science,' vol. i. His own is that it is due to the violent 
expulsion or eruption of some kind of matter from the 
sun, not merely gaseous but solid. And if hydrogen gas 
can be driven through the dense atmosphere of the sun 
to the enormous heights measured by several observers, 
there can be no difficulty in supposing solid matter to 
be driven much farther. If the velocity of expulsion 
exceeds that of arrival under the sun's attraction from 
an infinite distance, or 380 miles a second, such matter 
can never return to the sun, but must run away till 
it comes within the attraction of some other star or 
planet. An unmistakable appearance of radiation cer- 
tainly proves the existence of matter there, either 
illuminated by reflection or by incandescence of its 
own. Light is invisible by itself or when seen cross- 
wise. What we call a beam of light through a hole in 
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a shutter or a cloud is only a beam of illuminated dust. 
The full moon stands in a flood of sunlight, which is 
dark and invisible all round her, and the sky is only 
light by the reflection and refraction of sunlight from 
the atmosphere. 

If the matter, which therefore must be all round 
the sun as far as the corona can be seen, were simply 
quiescent, like an atmosphere in a state of balance 
between expansiveness and gravity, there would be 
only a generally decreasing brilliancy and no distinctly 
marked radiations projecting isx beyond the average, as 
you will see in the pictures of the corona in illustrated 
books of astronomy. The matter must be either going 
or coming in various degrees of density or velocity. 
In either case it would be hotter and brighter both from 
heat and closeness together when near the sun than 
when farther ofl^, and- therefore we cannot decide there- 
from which it is, except that if it comes from the sun 
it will evidently start in a state of much greater heat 
than if it is merely getting heated as it comes. But if 
matter is continually ejected from the sun, he must 
be fed by other matter, or his mass would decrease 
and the periods of the planets would increase. We 
shall see reason to believe that he is so fed with 
meteors. 

There is one more solar appendage to be noticed, viz. 
the zodiaeal light, which is a sort of luminous gleam 
stretching about as far as the earth's distance from the 
sun, often visible at night in the form of a lens or very 
large ellipse, lying obliquely to the horizon, sometimes 
about as strong as the Milky Way in brightness. The 
nature of this also is unknown. The most probable 
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theory seems to be that both that and the corona are 
composed of meteoric matter, which we shall see €ifter- 
wards is now identified with comets; and that not 
merely the meteors, but the systems of meteors, running 
round and falling into, and perhaps again ejected from 
the sun, are innumerable. Small meteors are only seen 
at night, but yery large ones, called aerolites, which are 
much rarer, generally fall by day; and Mr. Proctor 
supposes these to come from the sun, as they must 
evidently haye come in that direction in order to fall 
on the sunny side of the earth; while the small 
ones may haye been ejected towards the sun from some 
of the larger planets, though many of them simply 
reyolye in elliptical orbits like the planets, but vastly 
more elliptical, haying their perihelion very near the 
sun and aphelion as far off as the most distant planets. 
Mr. Piazzi Smyth found the spectrum of the zodiacal 
light in a country where it is brighter than in our atmo- 
sphere to be a 'continuous' one, indicating that its 
light comes from solid heated bodies and not from any 
gas ;* and some observers say the same of the corona ; 
but on this point there is such a diversity of testimony 
that it seems impossible at present to consider it as 
Settled either way. Perhaps the bright line spectrum 
of the solar atmosphere, which has only lately been dis- 
covered separately, may have been confused with that 
of the corona. Others have identified the spectra of the 
corona and the zodiacal light with that of our aurora 
borealis, which is an electrical phenomenon certainly 
not due to meteors. 

* See B. A. S. 'Kotioes/ June 1872. 
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THE SUH'S heat AND LIGHT. 

The snn is the aouroe of nearly all our heat and light 
to an extent which is little thought of generally. It is 
true that the original internal heat of the earth must 
be always transpiring gradually to the surfiace, besides 
its occasional outbursts through volcanoes. And some 
elementary substances will bum when mixed and 
ignited, as oxygen and hydrogen, which make the 
hottest flame we have, and without great care will 
explode and become water ; and potassium thrown on 
water, and eyen on ice, ignites spontaneously. But 
these are all comparatiyely insignificant sources of 
heat Wood, peat, and coal, and with it the mineral 
oils, either are or have been ages ago vegetables 
produced by the sun's heat, or partially by the then 
remaining superficial heat of the earth fix>m its com- 
pression. And though the 'extraction of sunbeams 
out of cucumbers' is yet difficult, they certainly are 
extracted every time we eat one and so maintain the 
heat and force of our bodies, or whenever a lot of coal 
or wood or oil is burnt to warm or light a room or 
drive a steam-engine, or when grass is eaten by an ox, 
to be eaten again by us. Water-mills and wind-miUs 
too derive their force from the sun, which raises 
water by evaporation to &11 again in rain when cold, 
and ^Lpands the air by heating it, which contracts 
again when cold, and then the neighbouring air rushes 
in and makes a wind. Moreover the identity or 
mutual ccnvertibility of heat and other forces, first 
propounded by Mr. Justice Grove in his 'Correlation 

H 2 



Digitized 



byGoogk 



lOO The Sun's Heat 

of Forces/ is now universally accepted; and though, 
as I pointed out before, gravity is not convertible, 
yet gravity and distance together represent the force 
employed from the beginning in putting things where 
they are, and whenever they come together by attrac- 
tion they develop a corresponding force or heat. You 
may see in Tyndall on Heat (p. 483) that if the earth 
fell into the sun it would cause as much heat as the 
sun supplies in 94 years ; and it is most likely that 
a great deal of the sun's heat actually is thus kept up 
by his attraction dragging in and as it were devouring 
shoals of meteors continually. So whether heat came 
first, and so drove all things in the universe asunder 
into a vast nebulous mass which has been cooling down 
and collecting into distinct solid bodies ever since, or 
distinct bodies were created and fixed at immense 
distances at first, with the action of gravity between 
them, the conclusion must be the same, that all the 
force now in the universe was originally created in 
one form or the other ; and that the quantity of force 
or heat in the universe can no more be altered than 
the quantity of matter. 

Perhaps the simplest way of learning that heat 
represents force is to take up a nail immediately afker 
it has been hammered on an anvil or filed for a few 
minutes with a rough file. Tinder can be ignited by 
sudden compression of the air by a piston in a small 
tube : such machines were among the predecessors of 
lucifer matches. It has also been proved that the 
temperature of water is increased by stirring it about. 
Eveti warming your hands by rubbing them is a proof 
of the same proposition. 
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The connection between light and heat is too evident 
to need dwelling on. Every one knows that heat of 
a certain intensity produces light, though the degree 
of intensity varies in different bodies. Inasmuch as 
heat results from the stoppage of motion, or we may 
say from Ituming visible motion into heat, it is by no 
means improbable that heat should consist of invisible 
motion, a sort of tremor or vibration of the particles 
like that of a bell or a steel bar struck with a hammer, 
which produces no visible motion and yet a great noise, 
and vibration like that which is visible enough in a 
musical string. And that is the now received theory 
of light and heat, and is called 

The Undulatory Theory ; which was suggested by 
Huyghens and rejected by Newton for the carpvseula/r 
or emimon theory, but was really established by Dr. 
Thomas Young of Cambridge in 1802: a discovery 
which Herschel said would su£Sce, if it stood alone, 
to place its author in the highest rank of scientific 
immortality. Lord Brougham indeed thought other- 
wise — at one time: for in two notorious articles in 
the * Edinburgh Review,' thinking he could not err in 
following Newton, he denounced Dr. Young's theory 
and his proofs of it as paltry, absurd, contradictory, 
mathematically impossible, and many other things : a 
warning still needed against following great names 
implicitly. Dr. Young also completed or rather reformed 
the theory of the tides, which had been left imperfect 
by Newton and Laplace, and discovered the interpre- 
tation of Egyptian hieroglyphics and was a considerable 
scholar.* The undulatory theory makes light, and 
* See his Life by Dean Peacock. He died in 1829, aged 56. 
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heat too, consist of yibrations of what is called Ivmi- 
niferous aether^ vastly thinner than the air, which is 
supposed to pervade all space and the interstices 
between the atoms of all bodies (see p. 27) ; not that 
its own or any other atoms can be in contact, or it 
could not be elastic. The retina at the back of the eye 
consists of what may be roughly called a brush, of 
which the hairs are moved by the vibrations of light, as 
standing com is by a wind. For the vibrations of this 
aether are supposed to set the particles of bodies them- 
selves in vibration. 

It must be admitted that there is no proof yet of 
the existence of such aether. Until quite lately it was 
thought there was, in the gradual diminution of the 
orbit and the time of a comet of short period called 
Encke's; but that proof has materially suffered by the 
fact lately noticed that other comets of short periods 
are not similarly affected.* The great argument for 
the undulatory theory is that it and it alone is able 
to account for all the known phaenomena of light, while 
a variety of subsidiary hypotheses had to be invented to 
explain some of them on the corpuscular or emission 
theory, much like Ptolemy's and Tycho's epicycles 
for the solar system which could not be made to work 
properly in circles round the earth, and like the 
subsidiary hypotheses which are invented now to get 
over diflBculties in the spontaneous evolution theory. 
Sound is well known to be vibrations of the common 
air, and cannot travel through a vacuum; a bell ring- 
ing in a vacuum does not sound, even in such an 

* See B. A. S. Annual Beports of Febrnary 1873, and 1876, and 
Herschers * Familiar Lectures' on light generally. 
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imperfect yacuum as we can make. But we can make 
no vacuum againgt light or heat, though they can be 
intercepted, and the passage of heat can be impeded 
by some gases or vapours which are invisible. Sound 
will travel round a comer, though not so freely as it 
goes straight, but light will not, except when reflected 
or refracted by a change of medium. Light consists of 
transverse vibrations like those of a musical string, 
but sound consists of ^ longitudinal ' or backward and 
forward vibrations like com in a field under the wind. 

Tliis comparison of luminous vibrations to those of a 
musical string must be qualified by this, that they are 
not in one plane, but (as we may say) all round, or in 
every direction crosswise, like rings expanding and con- 
tracting, or like a contraction running along an elastic 
tube, unless the light is what is called polarized by re- 
flection or transmission through certain substances, which 
(as it were) squeeze the vibrations flat into one plane, 
or stop all except those which are in one plane ; and if 
you try to reflect them again into a plane at any thing 
approaching a right angle to the original plane of 
incidence and reflection the light is extinguished 
altogether. This, like the spectroscope, but in a very 
inferior degree, enables us to come to some conclusions 
about the nature of a distant light, ie. whether it is 
reflected or original ; but no conclusive results respect- 
ing the sun's Corona have been obtained by it as yet. 

If light vibrations went otherwise than in straight 
lines, and sound only in straight lines, we should have no 
power of judging of the distance or position of anything 
we cannot touch, and should also lose immensely by 
no sound being audible when the source of it is out of 
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sight. Astronomy aboye all things would have been 
impossible if light had not travelled in straight lines, 
except when refracted by some medium ; and refraction 
has been called ^the bane of astronomers.' 

A great deal in astronomy also depends on the 
velocity of light, which is in several ways ascertained 
to be about 185,000 miles in a second, or practically 
10,000 times the velocity of the earth in its orbit; 
across which light travels in 16^ min. or nearly 
1000 sec, as I said at p. 86. Sound goes only 377 
yards a second, about the same rate as a rifle or 
cannon shot ; but electricity through a good conductor 
goes half as fast again as light, and that again is pro- 
bably some kind of vibration, of which still less is known. 
So if the earth were shot at the sun with its present 
velocity and not further accelerated by attraction, and 
the moment of starting telegraphed by lightning, they 
would get the telegram there in about 5 minutes, and 
see a visible signal of it in 8 minutes, and have 2 
months to prepare for the blow, which they would 
receive i S years before they heard the original explosion. 
But the earth would fall into the sun by attraction, if 
its motion round the sun were stopped, in rather less 
than 65 days, and with a final velocity of 266 miles a 
second instead of 18. 

The general connection of light and heat is obvious 
enough: it required a great philosopher to separate 
them. It is not merely that things can be moderately 
hot without being luminous, or that some b'ghts have 
little heat ; but Sir William Herschel discoyered that 
every ray of sunlight can be split up into visible and 
invisible rays ; the visible ones consisting of the seven 
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colours of the rainbow^ as Newton had discoyered long 
before, and the invisible rays consisting of heat^ even 
hotter than the red or hottest end of the visible spec- 
trum or band of colours which appear when light 
passes through a prism. Besides these there are other 
invisible rays beyond the violet or cool end of the 
spectrum, the effects of which can be made visible by 
chemical contrivances, as in photography ; as the in- 
visible hot rays can be concentrated by a lens or 
bnming-^lass, so as to set things on fire. 

And they all come out in this order, beginning with 
the most refracted: chemical rays (invisible), violet, 
indigo, blue, green, yellow, orange, red, and then hot 
rays invisible. Those invisible hot rays would be 
hotter still, but that they are the rays which are 
chiefly stopped by our atmosphere and go to warm it. 
From an electrical light the invisible rays are much 
hotter than the visible ones, not having many miles of 
air to pass through (see Tyndall, § 308). 

Here we ought to notice Mr. Crookes's remarkable 
discovery that light has a repulsive effect in a vacuum, 
but attractive in air of ordinary density. He has gone 
so fso* as to estimate the repulsive effect of sun-light at 
57 tons per square mile facing the sun, independently 
of the question how the air may modify it. But all 
such estimates must only be received as such, and the 
discovery is too new for any theory or consequences 
to have been derived, from it as yet. The red rays 
produce the greatest effect, and all the visible or proper 
light rays much more than the invisible ones at either 
end of the spectrum. 

If all space is full of that which is called luminiferoua 
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aether, a fomiidable result seems necessarily to follow. 
However thin it may be it must have some density, 
and the planets cannot move through it without some 
resistance, which must produce a sensible effect in 
time. It may seem odd that the effect of resistance is 
to shorten the period of going round the sud, as I said 
just now of Encke's comet. But the resistance impedes 
the forward motion which produces centrifugal force, 
or rather the tendency to go on in a straight line, 
out of which they are pulled by the i^un's attraction. 
Then it is evident that the more the forward motion 
is resisted the more in proportion they will be pulled 
towards the sun, or the orbit made into a smaller 
ellipse, and so the period is shortened. Comets are 
very light bodies and may be and often are greatly 
disturbed by passing near planets, and Encke's comet 
may have been disturbed by passing through the shoals 
of meteors which surround the sun. But if once it 
is proved that the lightest comet has been accelerated 
by the resistance of the luminiferous aether, then it 
becomes certain that sooner or later all the planets 
must have their orbits gradually contracted, and that 
in fact they are moving in spirals now, getting a little 
nearer at every turn, and must ultimately fall into the 
sun, unless there is some coimteracting force which we 
are not aware of. 

The maintenance of the sun's heat is yet an un- 
solved problem. Several ways have been suggested in 
which it may possibly be maintained consistently with 
known facts, and even with each other, but that is the 
most that can be said of them. We had better first 
see however what amount of heat is actually supplied 
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by the sun in any given time. Sir J. Herschel ascer- 
tained that the light of any piece of the sun's surface 
is 146 times as great as that of an equal surface of the 
lime ball which is used under the oxyhyc^ogen flame ; 
and that the heat is enough to melt 14 yards of ice 
all round the sun in a minute ; and therefore, if an 
earth of ice were thrust into the sun, like a tallow 
candle into a pot of melted lead it would be melted in 
a quarter of an hour (measuring by size not weight) ; 
or the sun could go on melting four earths of ice every 
hour if all his heat were spent upon it. 

These estimates were made by measuring the heat 
received by the most absorbent surface of a given size 
presented to the sun's direct rays for a given time 
within the tropics. The method is described in Tyndall 
on Heat (p. 73). Therefrom it was deduced that the 
earth receives as much heat in a year as would melt 
100 feet thick of ice all over it, or boil an ocean 
66* feet deep from freezing point. Another measure 
of the sun's heat received by the earth every minute 
has been given thus; except that I have reduced it 
to the quantity received by a square mile at the middle 
of the hemisphere facing the sun for the time, as the 
larger figures convey no appreciable idea : it would 
raise a block of stone 200 yards square each way, a 
foot a minute. But the sun's heat would take 14 years 
to lift the whole earth a foot And yet the earth 
receives only a 2,ii6,cxx),oooth part of all the sun's 
heat. For the size of the earth's disc, or a flat circle 

• In Hersohers *Afltronomy' this has been printed as 66 m%U$ 
through Tarious editions, and the mistake has been naturally followed 
in other books, induding some of the earlier editions of this. 
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of the earth's diameter, is about tt x 40CX)* miles, but 
the surface of a sphere at the earth's distance from 
the sun is 47r x 92,ocx),cxx)', which is about 21 16 
million times the earth's disc. And all the planets 
together only get a 227,cxx),cxx)th of the sun's heat, 
as you may find by adding together 4 times their 
distances^ each 4- its own radius^. Therefore, so far 
from his having occasion, as we may say, to economise 
his heat, he makes 227 millions as much as his planets 
get and radiates the rest away into space. 

Latent heat. — These figures reqidre a little ex- 
planation. We saw at p. 55 that ice may be said to 
contain 143° of cold beyond water at just freezing-point ; 
or that is the latent heat of water. Again, boiling water 
will swallow up 980° more heat before it is all turned 
into steam, and so that is the latent heat of steam. 
Consequently it takes nearly half as much heat to 
melt a piece of ice as to boil it, and eight times as 
much to boil it all away into steam (1123°) as to melt 
it, or SIX times as much as to make ice-cold water boil. 
But for this remarkable provision of the Creator, and 
another to be noticed presently, all our rivers and ponds 
and cisterns would often be frozen to the bottom in 
a single night, and remain so as long as the air is a 
single degree below freezing; and as soon as it rose 
the least above 32° all the ice and snow that had fallen 
would melt suddenly, and produce destructive floods ; 
and steam would be unmanageable and almost useless. 
If you melt a pot of lead it falls into fluid nearly all 
at once, not like a lump of ice put into warm water; 
and in like manner lead, or cast iron, or mercury 
(at 40° below zero), get solid nearly all at once, because 
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they have so much less latent heat than water; that 
of lead is only 9^ 

Specific heat. — Two other causes prevent water, 
and especially water only open at the top, from freezing 
too qnickly. One is that it takes much more heat 
to raise a pound of water i^ of a thermometer than 
a pound of anything else: thirty times as much as 
mercury or lead, solid or fluid ; twice as much as oil, 
and hiJf as much again as spirits of wine. Therefore 
they call the specijlo heal* of water thirty times that 
of mercury, and so on. And again, the steam of water 
expands far more than any other steam. The other 
reason is that water (like antimony,t iron, and a few 
other things, which crystallise in freezing) expands 
instead of contracting a little before it freezes, as well 
as when it is heated, and so the ice and very cold 
water stay at the top. Besides that, it conducts heat 
yery slowly. The hot water in boiling rises bodily, 
and in that way heat is soon conveyed through the mass. 
Therefore the sea gets heated from above slowly, and gives 
oat a great deal of heat in cooling after it has travelled 
into colder regions, and so equalises temperature. 

We may reject at once any idea of the sun's heat 
being supplied by the burning of any of his own sub- 
stance. A sun of coal burning fast enough to produce 
that quantity of heat would be burnt to ashes in 5000 
years if supplied with oxygen enough to bum it. It is 
true that the sun may be composed of something con- 
taining more heat than coal, which is only taken as an 

* In some books latent heat is oonfonnded with spedflo, but they 
are quite different, 
t Types oonld not be oast fit to use tiU that was discovered. 
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illustration. But we have no reason to suppose that it 
is, or that any kind of matter exists capable of main- 
taining the sun's heat by combustion for any period 
worth considering. Guessing that there may be, and 
that the law of conservation of force may not exist there, 
and that the same fuel may be burnt over and over 
again (which has been seriously suggested), is not 
philosophy, but the invention of a new kind of universe 
and laws of nature made to order. A less impossible 
theory was propounded by Mr. Mathieu Williams in 
his ingenious book on the *Fuel of the Sun,' which 
assumed that fuel to be either atmospheric or hydrogen 
gas, which he thought may (or rather attempted to 
prove, must) exist in a very attenuated state through- 
out space, and be gathered in by attraction, and as it 
were devoured by the sun as he moves over nearly the 
width of the earth's orbit in a year. But these propo- 
sitions met with no reception among mathematicians ; 
and I only refer to the theory because it was so inge- 
niously supported by a very able man. Of course it 
was suggested by the fact that hydrogen is proved to 
exist in a state of inflammation round the sun, as I 
have stated; and there are occasional outbursts of 
inflamed hydrogen in the stars, but those are only 
temporary. 

The only two theories of solar heat production which 
receive any favour from astronomers at present are the 
meteoric and the contractive. The meteoric one has 
been already referred to under the theory that the 
corona and the zodiacal light may represent the con- 
fluence of the infinite number of meteoric streams which 
exist ; or possibly one of them may be the confluence 
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of such streams reaching the snn, and the other the 
counter streams ejected, as there is undoubted eyidence 
of there being some ejectiye force in the sun which 
prevails greatly oyer his attractive force in producing 
the sierra and its prominences. It has been calculated 
that a rain or hail of meteors as heavy as granite (and 
they are generally heavier) falling 12 feet thick all 
round the sun with the velocity they would acquire in 
coming straight from an infinite distance (380 miles a 
second) would maintain the actual heat. Or if they 
fell with the velocity of small planets dragged out of 
their orbits in consequence of some gradual obstruc- 
tion to their progress, which would be ultimately 
240 miles per second, it would require 24 feet thick 
of such meteoric hail to keep up the sun's heat for a 
year. 

But it appears to me that there is a difficulty in 
the way of that theory which requires at least some 
supplementary hypothesis to dispose of it. Bearing in 
mind that the specific gravity of granite is about 2^ 
that of the sun, a shell of granite 8 yards thick would 
be an addition of about a 12,380,000th of the son's 
present mass annually; or the sun must have been in 
that proportion lighter every year reckoning backwards ; 
and sinc e the l ength of the year must vary inversely 
as the tj sun's mass (p. 84) it must have been always 
shortening a 24,760,000th annually. That is not quite 
1*3 seconds, it is true; but an accumulation of 1*3 
seconds a year comes to a good deal in the 2500 years 
since tolerably exact observations began to be recorded, 
or at least since total eclipses were identified with his- 
torical events occurring at known epochs. The sum of 
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any great number of terms in arithmetical progression 
is practically their common diflference x half the square 
of the number of terms,* which would amount to 47 
days. Or again the mere sum of 1*3 seconds a year in 
2000 years since the time of Hipparchus would have 
made a difference of 43 minutes in the length of the 
year by this time ; and it is certain that there is no 
difference of half as many seconds (see p. 76). 

I do not know whether it is this difficulty that caused 
Sir W. Thomson, one of the authors of that theory, to 
give it up, though others still adhere to it. If the sun 
is ejecting meteors by some other force at the same rate 
that he is receiving them, that force has itself to be 
maintained somehow and is only an equivalent of heat 
in some other form ; and therefore that leaves the 
difficulty where it was. If the meteors were all before 
their absorption within the earth's orbit, forming a sort 
of sphericfil extension of the sun, it is true that their 
joint attraction on the earth would be the same as 
after they have fallen into the sun. But I have seen 
no suggestion that that is so, and many meteor systems, 
especially the two largest that we know of, have orbits 
reaching far beyond the earth's. 

The other theory is that the sun is still contracting 
under his own attraction ; and it is calculated that the 
shrinking of his diameter by a io,cxx)th or 84^ miles 
would generate heat enough for 2000 years. There 
seems no particular reason to suppose that the sun or 

♦ Properly it is ^'3x^500x2499^ ^j^^j^ ^^^^ ^^^^ ^^ ^ ^^^^ 

part from the simpler formula, which has the advantage of reminding 
us that the accumulation practically increases as the square of the 
number of terms of a long arithmetical progression. 
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planets have reached their maximum density by con- 
traction ; but on the other hand there is no evidence 
that they are contracting. No period in astronomy is 
more constant than the length of our day, and yet if 
the earth had shrunk the smallest conceivable quantity 
the day would have been very sensibly shortened by 
this time, by the diminution of Uhe moment of 
inertia ' of rotation, which makes a large thin grind- 
stone harder to turn than a short thick one of the same 
weight. It is possible that this may be just balanced 
by the retardation which we shall see must be due to 
the friction of the tides upon the earth. But the heat 
caused by contraction would be almost entirely internal, 
and we know by experience on the earth how slowly 
that heat transpires, and what we want to account for 
in the sun is not internal but superficial heat. There- 
fore this theory also is a long way from being either 
verified by observation or free from diflSculty. And 
whatever may be the probabilities in favour of this 
or the meteoric theory, it cannot be said that any 
thoroughly satisfEtctory mode of maintaining the sun's 
heat and light has yet been invented upon earth. 

I suspect that if many other things which have become 
fetmiliar to ns by observation had been so distant that 
we could only see their effects, as we do the sun's heat 
and his appearance, philosophers would have been quite 
as much puzzled to invent the means of doing them, 
though some of them now see no difficulty in what 
they call ^ nature ' making birds fly and trees grow and 
all living things reproduce their like, and men able to 
command the world and discover the secrets of nature, 
by * spontaneous development' from oysters and sponges ; 
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forgetting that ^ nature^ is a mere word, meaning only 
the oidinarj course of things, and that the real problem 
to be solved is^ why the ordinary course of things is 
what it is, or what power mal^s it so. But this 
question is assuming so much importance, and iJie 
language used by some modem philosophers about it 
is so eyasiye of the real difficulties of the theory which 
they constantly insinuate rather than assert, that I 
have added a spedal note upon it at the end of the 
book. 
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CHAPTEE in. 

THE MOON. 

If you ask half-a-dozen people how lag the moon looks, 
you will probably get as many different answers, varying 
perhaps from a shilling to a large round table. The 
truth is that the question has no mejeining, because a 
shilling near the eye looks as large, or makes the same 
angle with the eye, as a plate farther off, or as the 
moon farther still. But then some people say the moon 
looks bigger than the sun, others smaller, and others 
about the same size ; and that has a meaning, and can 
be wrong or right ; for we can compare the angle which 
each of them subtends at the eye, and say which has 
the real appearcmoe (quite a different thing from the 
reality) of being the largest Without any measuring 
at all there happens to be a ready way of lowing tiiat 
they really appear about the same size, sometimes one 
a little larger, and sometimes the other. For the moon 
quite covers the sxm in a total eclipse, but leaves a 
bright ring all round it in an anntUar eclipse. In 
the former she appears at least as large as the sun, 
being at h^ nearest to the earth : in the latter a little 
less, being &rther off. 

But as soon as we take the distance of the sun and 
moon into account, we begin to see what a little thing 
the moon is. The sun is 385 times farther off at their. 

I 2 
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mean distaDces, and his real diameter is 396 times the 
moon's and therefore his real bulk 396^ or above sixty 
million times as great. Her diameter is only 2160 
miles, and therefore the earth is 49 times as large, as 
you may easily calculate from cubing the diameters ; 
and her mean distance 238,820, or 30*14 times the 
earth's greatest diameter. Her mean apparent diameter 
is 3 1' 6" while the sun's is 32' 4", these of course varying 
a little both ways with the variations of distance. It 
may help you to realize these dimensions to say that if 
you take a ball an inch wide for the earth, the moon 
will be about the size of a pea 30 inches off, and the 
sun a globe of 9 feet diameter 320 yards off. The 
earth is the densest of them all ; for we have seen that 
its specific gravity is nearly 4 times that of the sun, and 
it is 17 times that of the moon, or the moon's density is 
•6 of the earth's; for the earth is found to weigh 8i*S 
times, and therefore the sun 26 million times as much 
as the moon. It is remarkable that the moon's distance 
is no times her diameter, and the sun's distance 
nearly the same multiple of his (108), and that again 
is 108 times the earth's diameter, as noticed at p. 80. 
But these are mere accidental coincidences with no 
physical reason for them. 

These are all mean or average distances and apparent 
diameters. The moon's orbit is much more eccentric 
than the earth's, and the eccentricity itself varies much 
more quickly, from '044 to '066, the mean being an 
1 8th, or more than 3 times that of the earth's orbit now. 
When the eccentricity is greatest the moon's distance at 
perigee or when nearest the earth is little more than 
221,593 miles, and her greatest distance 252,948 ; and 
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the corresponding apparent diameters are 33' 30" and 
29' 21'' * when corrected for a certain optical excess 
called irradiation^ which makes a bright body on a 
dark ground look a little larger than it ought ; as you 
may see in the outside of a thin crescent moon evidently 
extending beyond the ends of the internal semi-ellipse. 
The true apparent diameter is got by occultations of stars 
behind the moon's dark side ; for the places of the star 
and of the moon's centre are known, and their distance 
at occultation is the moon's apparent radius. 

You may obserre that the mean distance and apparent 
diameter before given are not half way between the 
greatest and least : the reason is that they belong to 
temporary orbits of three different eccentricities, and 
the mean distance, SB in the figure at p. 48, of the 
mean ellipse is not the average of the greatest distance 
SA of the longest and narrowest ellipse and the least 
distance SD of the shortest and widest ellipse. I only 
add to these figures that the moon's mean parallax, or 
earth's apparent radius (not diameter) seen from the 
moon, is 57' 3", We shall see afterwards how this, 
which is the real measure of the distance, is ascertained. 
Since the size of the disc varies as the square of the 
diameter, it is easy to calculate that the largest appa- 
rent disc of the moon is very nearly a third larger, and 
therefore gives us a third more light than the smallest. 

The moon is so near that probably some persons 
walk as far in their lives, as 13 miles a day for 50 
years would do it She is at any rate near enough 
for us to see with telescopes that her surface is very 

* I tal:e these figures and many others firoxn Mr. Proctor's ' Moon ' as 
the latest good authority on the subject. 
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diflferent from the earth's. It is covered in many 
places with craters of old bumt-out volcanoes, far 
larger than any on the earth, and with the heaps of 
ashes which were thrown out forming mountainous 
rings around them. Indeed it has been lately doubted 
whether all volcanic action is extinct, as one crater 
called Linn^, 7 miles wide, has been thought to have 
been raised from a hollow into a hill; and some 
other changes have been suspected; but it is by no 
means certain that these are not all optical effects. 
There are also wide plains called seas: but not of 
water, for there are no signs of any ; nor of any atmo- 
sphere affecting the light near the edges of the moon, 
as there are in the sun and planets. The regularity 
and distance of the rings from their craters, and the 
height of the mountains, if they are so formed, would 
depend on the volcanic force and the inclination at 
which the matter was thrown out, as there was no wind 
to stop or spread the ashes ; and that force would be 
practically greater on account of the weakness of gravity 
and the quicker cooling and contraction, from the 
moon's smallness and the want of any atmosphere to 
check radiation away of the heat into space. But rings 
could not he formed unless all the matter was ejected 
at the same inclination all round the crater, which is 
most improbable. Mr. Mathieu Williams, and indeed 
others before him in less detail, have remarked the 
similarity of the moon's surface, including the volcanic 
action of former times, to what now takes place in 
masses of melted iron in cooling.* 
A telescope which magnifies 1000 times shows the 
* See B. A. 8. * Kotioes,' March 1873, or Pxootot's *Moon,' p. 354* 
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mooix as we should see it 233 miles off without a 
telescope; for we have to measure between the two 
surfjEuses, not the centres. A town a mile wide would 
look nearly half as wide as the moon does, and a 
building of the size of York Minster would look larger 
than Yenus. But no shapes of any such objects could 
be distinguished if they existed, even by the largest 
telescopes. We see die shadows of the mountains 
when Uiey are turned sideways to the sun. 

Botation of the Moon. — It is one of the peculiarities 
of the moon, and (as far as we can see) of the moons 
belonging to other planets also, to keep the same face 
always towards its •primary/ as if she were set fast 
upon a stick reaching to the earth. This is accurately 
described by saying that she turns on her axis exactly 
in the same time as she rovolves round the earth. 
You may think at first that the moon's keeping the 
same face to us proves that she does not turn on her 
axis at all ; and every now and then somebody under- 
takes to prove that all the astronomers are wrong in 
saying that the moon rotates or turns upon her axis ; 
as others undertake to prove that all the mathe- 
maticians in the world are wrong in saying that the 
diameter of a circle bears no exact proportion to its 
circumference or area.* I know it is as hopeless to 

* I mein no pioportioii measmable by my finite nmnber of fignres, 
OT by any geometrioal oonstniotion with nile and oompasses. ICathe* 
matioiana know very weU that it can be done mechanically by a cydoid^ 
or the onrve traced by any point in the circumference of a wheel roUmg 
on a straight rail; for the base of the qydoid evidently = the oircnm- 
ferenoe of the wheel, and the paraUelog^ram which eontains the cycloid 
]ia8 an area = four times that of the circle. See De Morgan'9 * Budget 
of Paradozes,' on this subject, pauim. 
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convince any of that race of * paradoxers ' as it was the 
man who insisted that his head had been twisted and 
looked backwards. 

The confusion really arises from the very common 
cause, of persons who are not versed in a particular 
science (whatever it may be) taking upon themselves 
to attach a meaning of their own to a word which never 
has that meaning among those who are versed in it. 
A man may choose to say that in his opinion ' mass ' 
ought to mean size and not weight ; but that does not 
make mathematicians wrong for using it as meaning 
weighty under the conditions explained at p. 22. So 
he may choose to say that in his opinion * rotation ' 
does not mean absolute rotation but relative. But 
astronomers invariably mean by it absolute rotation, 
or the successive presentation of every side of a body, 
except its top and bottom (speaking popularly), i,e. of 
every side round an axis, in some given direction in 
space, disregarding any other motion it may have. 
Then comes a * paradoxer ' and says, * I won't call it 
rotation if the body has some other motion which 
enables me, standing in a particular place and turning 
myself round, only to see one side of it.' If such 
persons are worth arguing with they should first be 
called upon to give their own definition of rotation; 
99 out of 100 of them can give no rational definition 
at all ; and the one who can, if not standing out for 
mere obstinacy, will see that his definition is essen- 
tially different from the astronomical one, and that 
those who start with different definitions of the same 
word cannot possibly agree about its use; and he 
Inay be sure that astronomers and mathematicians 
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will not change the meaning of their language to 
please him. 

Nevertheless for the information of those who wish 
to learn I will give a few of the innumerable proofs 
that can be given of the moon's rotation. 

First then the deniers of it forget, or do not know, 
that if they were on the sun, or anywhere else in or 
near the infinite plane of the ecliptic, except just here 
inside the moon's orbit, they would see opposite sides 
of her every fortnight ; and the proposition that she 
does not turn would then appear as absurd to them as 
the contrary does now. People on the moon itself, 
if they knew the real motions of the sun, earth, and 
moon, would be infinitely surprised at being told that 
they have a day and night without rotation. The 
earth is to them what the moon^ is to us, both going 
round the centre of gravity of both, like a large and 
a small ball at opposite ends of a stick whirled in the 
air. If we had happened to have 12J days in the year 
instead of 365 we should have thought it very strange 
to be told that the earth does not rotate because the 
moon would then see only one side of the earth. And 
the cases are absolutely identical. The moon presents 
all her sides to any star 13*37 times a year, but to the 
sun 12*37 times: i.e. she rotates absolutely 13*37, ^^^ 
relatively 12-37 times. 

Perhaps the mistake arises from thinking of the 
moon's axis as a wire stuck through it, and forgetting 
that if it were, the question would remain whether the 
wire is turning on its own mathematical axis or not. 
If you put a wire upright through a ball which has 
one side painted white, and bend it into a horizontal 
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taily which you octn hold always pointing to one side 
of the room, while you carry the ball round you with 
the white side always towards you, it will plainly 
enough turn on the axis because the axis has been kept 
from turning. Bat if you keep the tail of the wire 
always towards you, the ball does not turn on that axis, 
because that has turned just as much on its own mathe- 
matical axis. 

Or you may lay a book on a revolving table, at some 
distance from the centre. The deniers of the moon's 
rotations say the book does not turn on its own axis 
because it keeps the same face to the centre of the 
table when you turn it round. But that can have 
nothing to do with its distance from the centre. Keep 
gently moving it nearer to the centre while the table 
revolves, and at last it will be visibly turning on its 
own axis and nothing else. Then at what moment did 
it suddenly start from no rotaticm into a rotation at the 
same rate as the table ? Many more illustrations may 
be and have been given, but they would all be equally 
superfluous both for those who cannot or will not 
understand these, and for those who can and will. 

So much for the fact of the moon's rotation. But you 
may prove also that a force of rotation must have been 
originally impressed upon it to make it rotate even at 
that slow rate of once a month. Hang a globe or any* 
thing else, so marked as to distinguish the sides, by a 
thin string from the end of a stick held in your hand, 
till it has got quite steady : then turn round, carrying 
the stick with you so as not to shake the globe. You 
will find that by the time you have gone half round, 
the side which was facing you has got feurthest off, 
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but still faces tke same side of the room. Why? 
Because there has been no force impressed on it to make 
it turn, and nothing ever moves except in obedience to 
some force. Again, if a globe floats in a basin of water 
it will not turn when. the basin is turned, for the same 
reason. This was an experiment of Galileo's. The globe 
should be large, for the friction of the water will affect 
a small one. 

Libration. — It is not strictly true that the moon 
always keeps exactly the same face to us; for she 
apparently rolls a little in her orbit, so as sometimes to 
show a little more on the right side, and sometimes on 
the left. That is called libratum; and it has been 
iogeniously used to take stereoscopic photographs of 
the moon, which show the heights of the mountains 
and the depths of the volcanoes. For a stereoscopic 
view of anything is got by taking two pictures of it, 
one seeing a little more of the right side and the other 
of the left, just as your two eyes do, as you may see by 
winking them alternately while you look at something 
not far off; and that is the way the eyes judge of 
distance, when it is not too great for any sensible 
difference in the view which each eye takes. 

The reason of the moon appearing so to roll is, that 
she does not move in her elliptical orbit with uniform 
velocity, but does turn on her axis uniformly, and so 
the two motions do not quite keep pace with each 
other. She is sometimes 7^ 20' before, and sometimes 
7° 20' behind the longitude she would have if she 
moved uniformly : that being her greatest ' eqxiation of 
the centre,* or difference of true and mean ^anomaly' 
or distance from perigee, when the eccentricity of the 
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orbit is also greatest. And the libration is the same 
as if the moon stood still, rotating uniformly, and 
the earth went round her, and at the same rate on the 
average, but sometimes 7° 20' before and behind its 
mean place. Consequently that is the amount of the 
librcdion in longfitude, each way; and we see on the 
whole 14° 40' beyond the half of the moon's surface ; 
and indeed 15° 30' by reason of the other inequalities 
in her motion which will be described hereafter. 

Besides this, the earth's rotation carries us to a 
different point of sight from moon^rise to moon-setting, 
or from the western to the eastern boundary of the 
earth, which makes an angle of libration = the earth's 
diameter -r- the moon's distance, or nearly 2°, to 
observers at the equator; but observations of objects 
near rising and setting are unsatisfactory on account of 
refraction of the atmosphere, and far from the equator 
the change of position by rotation is of course less 
than the earth's diameter. 

But the polar axis also leans 6° 39' from the perpen- 
dicular to her orbit, and sometimes one of her poles 
leans towards us and sometimes the other ; and so we 
see also 6° 39' beyond each pole alternately i This is 
called the libration in latitude. Now the area of a 
Zwntf, or slice of surface of a globe between two 
meridians, is evidently measured by their difference 
of longitude ; and therefore the surface disclosed by 
the greatest monthly and daily librations in longitude 
bears the same proportion to the whole moon's surfELce 
as 17° 30' does to 360°, and that by libration in 
latitude as 13° 18'. But they overlap a little, and the 
result is that all the librations together enable us to 
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see nearly '6^ or one fifth more than half of her whole 
surface at one time or another. 

Though the moon goes round the earth, it is no less 
true that the earth goes round the moon, only in an 
orbit as much smaller as the earth is heavier; that is, 
8i'5 times. The point between them which remains 
fixed, if we forget their joint motion round the sun, is 
their centre of gravity, which is 81 '5 times nearer the 
centre of the earth than of the moon, because the 
earth is so much heavier than the moon. Therefore 
the c. g. is one 82'5th of the moon's distance, or 2895 
miles, from the earth's centre. By this we shall here* 
after measure the distance of the sun, besides other 
methods. So if you fix two balls on the ends of a 
stick five feet long, one four times as heavy as the 
other, and whirl it into the air, they will turn round 
the centre of gravity, four feet from the light ball and 
one foot from the heavy one. 

The cause of the moon keeping her distance from 
the earth is simply the centrifugal force of both of 
them. If the light ball just now described can slide 
along the stick, but is connected with the other by a 
string, and you whirl them into the air, they will keep 
the string stretched by their centrifugal force. The 
same is the reason why the earth and all the planets 
keep their distance firom the sun, subject to the 
variations due to elliptic motion, as I shall explain 
hereafter. 

Calculations of the moon*s motion are simplified by 
* reducing the earth to rest,* as it is called: which 
might be done by assuming another equal moon at the 
Bame distance on the opposite side of the earth, so that 
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the common centre of gravity and of motion wonld 
always be the earth's centre. But this hypothesi« 
wonld make the mass of the whole system too great, 
and wonld increase the time of its reyolntion ; and the 
more correct way of reducing the earth to rest is to 
suppose the mass of the moon tnmsferred to the eaith, 
leaving her only an empty shell, as explained at p. 25* 
But whenever we have to deal with the moon's at- 
traction, as on the equatorial protuberance of the 
earth in precession and nutation, or on the water of 
the earth in the tides, we must of course deal with her 
real mass, though we may still consider the earth at 
rest, except as to rotation, because that alone affects 
tliose disturbances. 

We are so much in the habit of regarding her as 
a mere appendage of the earth that we forget that the 
earth is the moon's moon. To men in the moon (if 
there were any) knowing as much astronomy as we did 
until quite modem times, the earth would be merely 
a moon of nearly 4 times the diameter g£ our moon 
to us, or of the sun to both of us : giving them about 
13 times as much light as the moon gives us, if the 
surfaces are equally reflective. If they are as ignorant 
of lunar rotation as some people are here, they will say 
that their much larger but variable and much weaker 
luminary (the earth) stands still like themselves and 
that the smaller sun and fitars go round them both ; 
but they must see also that the earth rotates above 29 
times in one of their days. If tney have discovered 
that it is not the sun and stars that go round them, 
but their own globe that rotates, to make their day 
and night, they will be fitnxck with the odd ooincidenco 
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that tfaeir large-looking moon goes round them exactly 
in the mean time of ti^eir own rotation. When their 
knowledge advanced still farther to a discoverj of 
real sizes and distances, they might still for oonyenienoe 
treat the earth's orbit round them as we do the moon's, 
referrii^ all the mntnal motion to the earth as an 
empty shell of no weight and considering their globe 
only with reference to its own motion ronnd the sun, 
as we do in dealing with ours. 

The Moon's real Orbit. — Some books of elementary 
astronomy represent the moon's path in space as being 
like the curre traced on a wall by a pencil stuck in 
a wheel rolling along the ground: ^ich is a wayy 
line called a 'trochoid,' alternately convex and concave 
if the pencil is not at the circumferenoe, and a cycloid 
if it is, which has a onsp or pointed turn at every 
lowest point Others represent it as a looped spiral, 
and actually give a picture of it so. The real orbit 
is nothing of the kind, but is simply the earth's orbit 
(or more exactly that of the common c. g.), with 2$ 
alternate very slight depressions and elevations of its 
concavity towards the sun, at each new and full moon, 
there being nearly 12^ (i 2*37) lunations in a year. From 
one half moon or quadrature, or crossing of the earth's 
orbit by the moon, to the next is 14° 33', which is 
2Z,s6s,ooo miles with the radius of 92 millions. You 
must take it as easily found by trigonometry that 
such an are bends outwards 740,000 miles beyond its 
chord or the straight line joining its two ends. But 
the moon is only 236,000 miles from the c g. of earth 
and moon ; and therefore when she is nearest the sun 
she is is stiU 504,000 bey(md the chord; for her path 
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through the new moon fortnight is only rather less 
ooncave to the sun than the earth's orbit. But if she 
went round the earth in a fortnight the path of a new 
moon would be just convex to the sun ; for she would 
then be carried 184,100 miles outwards with the earth 
and 236,000 inwards by going round the earth. Her 
path in the full moon fortnight, being all beyond the 
earth's orbit, is evidently rather more concave than that 
It can easily be shown by a little geometry to be also 
concave to the sun at quadratures and everywhere; 
but the difficulty to most people is in understanding 
that it can be concave to the sun at new moon. If you 
draw a piece of a circle with a radius of 20 inches, the 
arc of 14° 33' will be 5 inches ; and the chord will 
be * 16 of an inch from the middle of the arc. The 
236,000 miles of moon's distance, reduced to the same 
scale, is only *o6 of an inch ; but the difference from the 
earth's orbit is hardly visible in a circle of that size. 

Revolving elliptic orbit. — ^In all calculations of the 
moon's visible place her orbit round the earth may be 
considered an ellipse, with the earth standing in the 
focus, and the sun revolving round them both. And 
this elliptic orbit, or its major axis, or line of apsides^ 
or perigee and apogee^ or least and greatest distances 
from the earth, revolves in 8 years and 310*575 days, 
going forwards; whereas the earth's perihelion takes 
1 1 o, 880 years to revolve, independently of the precession 
of the equinoxes, which go the other way. An anoma-» 
listic month, or the time of moon's return to perigee, is 
27.5546 days. 

You may easily see a revolving ellipse if you hang a 
weight by a long string to a hook in the ceiling and 
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send it swinging in any direction, except straight across 
like a pendulnm or quite round in a circle, which 
indeed you would find it difficult to do. If you stand 
near the narrow part of the ellipse where the weight 
passes by you, and stay there, the ellipse will wheel 
round and the weight will hit you before long. The 
only difference is that the centre of force in this ellipse 
is not in the focus, but the centre, the force being the 
tendency of the weight towards the vertical or lowest 
point; and it is nearly in direct proportion to its 
distance from that point, instead of the inverse propor- 
tion of the square of the distance. This ellipse wheels 
forward, or in the same direction as the weight goes, 
because the force does not quite vary as the distance ; 
and the lunar ellipse similarly wheels forward because 
the moon's attraction to the earth is a little diminished 
by the sun, as will be explained hereafter. 

The moon's axis, like the earih'% does not stand 
upright to her orbit, but as I said just now, leans 6° 39' 
from upright : that is, the moon's equator is so much 
inclined to the plane of her orbit. And again the 
moon's orbit round the earth is inclined 5^ 9' to the 
apparent orbit of the sun round the earth, or the ecliptic. 
So we have now got one more plane and one more 
inclination to consider than we had in dealing with 
the earth's equator. It is however simplified by the 
£EU3t that the crossing of the moon's orbit and equator 
always coincides with the crossing of her orbit and the 
ecliptic ; though that line, which is called the line of 
nodes^ revolves backwards 19° 21' a year, making a 
adereal revolution in 18*6 years, or 6793*391 days, or 
223 average calendar months, just as the equinoctial. 

K 
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points cp.and =0=, the nodes of the earth's equator and 
ediptic, revolye round once in 25,868 years. The 
node at which the moon goes up to the north of the 
ecliptic is called the ascending node ^, and the one 
where she goes down again to the south is the de- 
scending node {$. It is an odd coincidence that 
the node returns to conjunction with the sun and moon 
in 223 lunar months ; a nodical month, or time of moon's 
return to the same node, being 27*2 1222 days. 

Moreover it is remarkable that the ascending node 
of her orbit is the descending node of her equator : or 
at the moment when she rises in her orbit from the 
ecliptic at the inclination of 5^ 9', her equator is in- 
clined 1° 30' to it the other way. Therefore the ecliptic 
always lies between the plane of the moon's orbit and 
the plane of her equator, making the angle 5** 9' with 
the former and 1° 30' with the latter. 

Shape of the Moon. — Some of the stereoscopes of 
the moon taken at opposite librations present the ap- 
pearance of a prolate spheroid pointing towards the 
earth. This may be an optical illusion or defect; but 
other observations appear to show that she actually is 
like an egg with the small end towards the earth and 
the large end behind. If you look straight endwise at 
A^ 6gg> with one eye, you cannot tell that it is not 
spherical, but you can if you see it a little obliquely. 
By a careful measuring of angles you might find its 
exact dimensions, and the more obliquely you can see 
it the bettef. It appears that the oblique profile of the 
moon does show her to be egg-shaped ; and so much, 
that unless her density is irregular, her centre of 
gravity is 66 miles nearer the back than the front ; or 
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33 miles beyond the middle of her longest diameter, 
Hansen said that this is also requisite to explain some 
of the inequalities of the moon's motion : but Professor 
Adams is not satisfied of that 

And then this consequence would follow: the average 
mass of the long half of the moon is farther from her 
c. g., round which she must rotate, than the mass of the 
short half; and the earth's attraction on each half, being 
inversely as the square of its distance from them, will 
be greatest when the long half points to the earth : 
which will tend to keep it there ; though not strongly 
enough to prevent the libration of a few degrees, which 
is due to the moon's force of rotation* 

Even if she is not egg-shaped, with a large and small 
end and the c. g. beyond the middle of her length, but 
merely a prolate spheroid with the c. g. in the middle, still 
the earth's attraction would tend to keep the long axis 
always pointing to us, if it were otherwise inclined to de- 
viate with no great force of rotation. For suppose such 
a prolate spheroid turned a little aside; the earth's 
attraction is rather greater on the nearer end of the 
spheroid than on the farther end, and therefore tends to 
bring the axis back again to the line pointing to the 
earth ; though not so strongly as with the egg-shape, 
where the near and small end is still farther from the 
c g., and therefore the difference between the two 
attractions is still greater. Newton calculated that the 
moon ought to be 178 feet longer than she is broad, 
assuming that she was originally fluid; and we shall 
see when we come to the tides that that estimate ought 
to be rather more than doubled, because the moon is 
much lighter than he supposed, and therefore her 

K 2 
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attraction on her own mass is so much less compared 
with the earth's. This however is far from accounting 
for a distortion which places the c* g. 66 miles nearer 
the back than the front of the moon, nor has any way 
of accounting for it been suggested, and the fact is 
not yet considered certain by astronomers. 

The question whether there is either air or water in 
the moon is connected with her shape. If she is egg- 
shaped (I do not say ^ oval ' because that has acquired 
the incorrect meaning of having two equal small ends) 
with the c. g. nearer the back, it was said by Herschel 
and naturally followed by others, that any moderate 
quantity of air and water would run to the back to get 
nearest to the c. g. But Mr. Proctor pointed out that 
that could not be so ; for such a figure (a sphere with 
a cap added to it in front), and a fortiori a prolate 
spheroid, evidently has its c. g. farther from the back 
than the sides, not nearer.* Consequently if the moon 
has any atmosphere, it is in the best and not the 
worst position for showing its effects, by refracting 
any rays of the sun or stars which come through it, 
grazing the real surface of the moon. But it is 
certain that no such refraction takes place, for stars 
are * occulted ' or eclipsed by the dark side of the moon 
in a moment, whereas they would be gradually dimmed 
if they passed behind an atmosphere. And if there 
were any water, there must be an atmosphere of vapour 
at least, raised by the sun's heat, and that obstructs rays 
a great deal more than dry atmosphere, which hardly 
does so at all, though it refracts them. Therefore the 
moon has neither air nor water. 

* B. A. S. ' Kotioes,' xzziiL 350, and Pzoctor's * Moon,' p. 300. 
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Heat of the Hoon. — ^A consequence of the moon 
haying neither air nor water is that the sun's heat falls 
upon eyery part of her in succession for a fortnight, 
unmitigated by atmosphere ; and for the other fortnight, 
haying no atmosphere to preyent the heat from radiating 
away, she is exposed to the ' cold of space ' diminished 
only by what the heated ground retains for a time. 
Various estimates have been made of the extreme of 
these differences, reaching as high as 500° of heat and 
nearly as much below zero of cold, or far beyond the dif- 
ference between ice and melted lead ; and though there 
is no water for the frost to act on, the alternate expan- 
sion and contraction of the rocks by these yariations 
of heat eyery month must tend to disintegrate them. 
But as a mere sand hill will stand at a slope of about 
I to I (as engineers call it) it does not follow that the 
lunar hills would be leyelled in time, as they would be 
here by rain, frost, wind, and gravity, but for yolcanio 
action, either yisible or latent, which as Sir J. Herschel 
showed, is always at work in altering the levels of the 
ea.rth, sometimes up and down again within the times 
of history. 

The moon has no light of her ovm, and only re< 
fleets the sun's. Dr. Wollaston made out that full 
moonlight is 8cx),ooo times weaker than sunlight, 
which he found equal to 5563 wax candles at the dis- 
tance of a foot, while the moon was only the 144th of a 
candle.* Therefore, as the moon fills about the 240,000th 
of the visible hemisphere, we should get much less light 
from a whole sky full of moons than we do from the un- 
clouded sun. Later experiments have made the full 
* 'Fbilofiophical TnnisaGtions' of 1839, p. so. 
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moon's light a 6 18,000th of the sun's; but all such 
results must be very vague, depending on ocular judg- 
ment of equal illumination, with all the erroi:s mul- 
tiplied enormously. 

Moonshine produces no visible rise of a thermometer, 
even when concentrated by a very large concave mirror 
into the greatest possible intensity upon it. But Lord 
Bosse has at last succeeded by the more delicate apparatus 
called a thermopile in finding that the moon does reflect 
a little heat, which sensibly increases with the width of 
her illumination. The full moon however causes cold 
indirectly : for it is said to drive away clouds, and a 
light night is always colder than a cloudy one (when 
other things are equal), because the heat of the earth 
radiates away into space instead of being kept in by the 
clouds. But this has lately been disputed. 

Phases of the Moon are nothing more than the Greek 
word for her appearances or faces. One half of her is 
always illuminated by the sun, but the illuminated 
hemisphere is constantly changing by her monthly rota- 
tion. The effect is just the same whether we consider 
'the moon moving round the earth, or the earth round 
the moon (as they do mutually), or the earth and moon 
fixed and the sun going round them both. In either 
case we should see a bright hemispherical cap wheeling 
round the moon on its diameter, always facing the sun. 
When the sun is straight beyond the moon of course we 
see nothing of the bright cap, and that is called new 
moon, because in a day or two we begin to see the right 
edge of the cap as a very narrow crescent, with the horns 
to the left, which increases every night, and is called 
the moon waxing. In a week we see just half the 
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bright hemisphere^ or a half moon, and that is called 
the first quarter — ^i.e. of a lunation; and then more 
than half, tUl we see the whole or a full moon, the sun 
being then opposite to the moon or behind us. Then 
the right side begins to wane or darken towards half 
moon again ; and then during the last quarter there is 
again a crescent, but with the horns to the right 

The inner edge or the boundary between the bright 
and dark part of the moon is called the 'terminator;' 
and as it is an oblique view of a semicircle it is always 
a semi-ellipse, except exactly at half moons, when it is a 
straight line. When the bright part is oonyex on both 
sides the moon is called gibbouB. In the figure at p. 48 
the shaded part of the ellipse represents a crescent, and 
the unshaded part of a gibbous moon. The bright part 
always looks a little too big, from the cause before 
mentioned called irradiation, which enlarges 'the full 
moon about 2" all round. 

Some persons are foolish enough to predict bad 
i¥eather when * the moon is lying on her back,' i.e. when 
the hollow part of the crescent is tamed upwards. If 
that had anything to do with it, astronomers might 
predict the weather very easily, since the posture of the 
crescent depends on the moon's position in her orbit. 
The ' horns ' are the points of intersection of the edge 
of the illuminated hemisphere and of the hemisphere 
facing the earth, and the line joining them may be 
called the axis of illumination, which is therefore per- 
pendicular to the plane of the sun moon and earth for 
the time. That plane is not quite the ecliptic, but a 
shifting one, because the moon's orbit deviates 5^ 9' 
firom the ecliptic. If the moon moyed in the plane of 
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the equator, she would always rise with the upper horn 
to the left of the lower, and the contrary in setting, and 
be upright on the meridian. When she is rising, and 
is at the same time near her own ascending node and 
near the earth's ascending node cp also, the obliquity 
of her orbit to the equator in the upward direction 
is greatest, and so her upper horn is thrown back, or 
north-eastward, as much as possible, and the axis of 
illumination maybe almost horizontal. At that time 
the upper horn leans back even when she is on the 
meridian. And this is true to a greater or less extent 
whenever the moon is near op^ but greatest when her 
aBcending node is also there ; and the converse when she 
is setting ; and the converse of aU these when she is in =c=. 
It is not so much noticed when she is gibbous as when 
she is a crescent, though the effect is really just the same. 

A day or two before or after new moon you may see 
what is called * the new moon with the old one in her 
arms,' or a bright narrow crescent, with the rest of the 
circle just light enough to be seen. That is the reflec- 
tion of the earthshine back from the moon. When she 
is farther from new, the earthshine appears less and the 
proper moonshine stronger, and so the earthshine is too 
weak to be se^i. 

As the moon has no light of her own, but only reflects, 
the sun's light to us, so we do the same to her. K there 
were any men in the moon they would see correspond- 
ing phases of the earth, which would be full to them 
when the moon is new to us; and the earth would 
appear to them nearly thirteen times as large as the 
moon does to us : it would be sixteen if the diameter of 
the earth were quite four times that of the moon; for 
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the apparent size of a globe, which is called its diso^ 
being a great circle of the globe, varies as the square of 
the diameter, while the real size or solid content varies 
as the cube, as I explained before. 

Periods of the Moon. — ^^ Period' means the time 
of performing a journey round* The average time from 
one new or full moon to another is 29d« lah. 44m. 2'8y&^ 
or 29*5306 days, or 708734 hours. But to reach a 
second new moon, or the line between the earth and 
sun, the moon has to go rather more than once round 
the earth, because the earth has not been standing still, 
but by the time the moon has got once absolutely or 
sidereally round the earth we and the moon together 
have gone forward 43,250,000 miles in our joint 
annual journey round the sun. And as the moon goes 
round the earth in the same direction as the earth round 
the sun, or what we call from west to east, she has to 
travel farther round the earth to get again into a line 
between it and the sun. If the earth stood still, the solair 
period of the moon would be only 27d. 7h. 43m. i i'5s., 
or 27*32166 days, or 655*72 hours, which is its sidereal 
or absolute period. The other, of 29*5306 days, is 
called the synodieal period, or simply, a Itmaiion. 

The mean synodical period of two bodies revolving 
round a third, really or apparently, is the time of their 
aU three coming a second time into the same relative 
position. If the two go the same way, their relative or 
synodical velocity is evidently the diflFerence of their 
separate velocities : if they go opposite ways, the sum of 
them ; and velocities of revolution evidently vary in- 
versely as the periods, or directly as the reciproeab of 
the periods; for i divided by anything is called its 
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ireciprocal. Therefore the reciprocal of the synodical 
period is the difference, or the siim^ofthe reciprocals of 
the two absolute or sidereal periods. From which it 
follows by a common sum in fractions that the synodical 
period of two bodies going the same way, like the sun 
and moon, is the product of their several sidereal periods 
divided by the difference; or by the sum of them 
if they go opposite ways, like the moon and her nodes. 

Twelve lunations, or 354*367 days, are called a hmar 
year. Therefore the moon is nearly 11 days older 
(until the excess is more than 29^^) at the beginning of 
every successive year on the average. The moon's age 
at that time is called the epaot of the year. 

A lunation is rather shorter in summer than winter, 
because the sun being farthest off in summer, and his 
angular or apparent velocity being inversely as the 
square of his distance (as we shall see afterwards), he 
goes 60' a day when nearest and only 58' when farthest 
off. The 2*21 days' excess of a lunation over a sidereal 
period of the moon is due to the advance of the sun in 
a month; and therefore that excess is least and a 
lunation shortest when the sun advances least. The 
extreme difference of lunations is 3h. 50m. 

Since the moon goes 360° round the earth in 27*322 
days, she goes is** loj' a day on the average; and the 
sun 59'. Therefore the moon advances 12° 11 J' more 
than the sun daily. And as the earth turns in the 
same direction, it has to turn that 12'' iij^' more than 
once round for the moon to cross the same meridian 
again ; which makes the Irnia/r day 24h. 49m. ; or the 
time of moon-rise, or of moon-culmination, or of moon- 
setting, 49 minutes a day later, on the average. 
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Harvest Moon. — But the time of moon-rise is by 
no means uniformly 49 minutes later every day. In 
fact she rises neariy at the same time for several days 
in every month, in high latitudes like this. To under- 
stand this you had better take a globe, and elevate the 
north pole about 52° above the north horizon. If you 
stick two or three wafers on the ecliptic near cyo, about 
12° apart, they will nearly represent the moons of suc- 
cessive nights, and you will see that they rise nearly at 
the same time, as you turn the globe from east to west 
while cp is at the east side of the horizon. For though 
the earth turns the other way, celestial objects turn 
.that way relatively to the horizon. (The position of 
the ecliptic on terrestrial globes is of course arbitrary^ 
provided it touches both the tropics somewhere.) Some 
kind of moon rises at cp every month, because she goes 
through all the signs in a month: but only one fvU 
moon in the year, viz., that one which comes nearest 
to ofi^ which is when the sun is at the opposite node ^^ 
or the autumnal equinox. So the moon rises about 
full near sunset for several nights together always 
within a fortnight of September 23 ; and that is called 
the harvest moon. Or there may be two, equidistant 
from the equinox. 

This uniformity of time of moon-rise for a few days 
in every month is also greatest when the moon's 
ascending node coincides with cyo ; for then the moon's 
orbit is 28^° inclined to the equator, and still nearer 
to the colaiiiude of England, which is about 38''. On 
the other hand, when the moon's ascending node co- 
incides with the sun's descending node ^^ the incliua- 
tion of the moon's orbit to the equator is only 18^"*, 
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and therefore the * harvest moon * effect is considerably- 
less. Conversely, near the spring equinox the daily 
difference of the time of rising of the full moon greatly 
exceeds the average 49 minutes, varying in like mtmner 
with the position of the nodes. In like manner the 
time of sun-rise varies less at the vernal equinox than 
at the autumnal, and that of sunset more. 

Moonlight in winter. — ^There is much more moon- 
light in winter than in summer. I do not mean merely 
that there are longer nights for the moon to shine in ; 
but that in our winter the brightest fortnight of the 
moon comes when the northern hemisphere of the earth 
is in the best condition for it, being turned towards the. 
full moon, and so having it highest and longest above 
the horizon. You will see that in a minute, if you re- 
member that the sun is lowest in winter, because the 
north pole then leans away from him ; and as the full 
moon is opposite to the sun, the north pole must lean 
towards the full moon when it leans away from the 
sun. Therefore each hemisphere has as much longer 
full-moonlight than darkness in winter as it has longer 
sunlight than darkness in summer. The nights of 
short moon in winter are also the nights of new moon, 
when there is the least moon to lose. And the contrary 
of all this* holds in summer, when the moon is less 
wanted. 

In consequence of the moon's orbit being 5® inclined 
to the ecliptic or sun's apparent orbit, the moon may 
be 5® higher above our horizon than the sun ever is ; 
or it may be so much lower. I remember a woman 
saying that the night when she saw a man stealing 
some fowls was the brightest she had ever seen. I had 
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the curiousity to look whether there was any real 
ground for the remark and was surprised to find 
there was ; for it happened to be the night of full moon 
at Christmas, and just at the time (which comes once 
in nearly 19 years) when the moon's ascending node 
coincided with the sun*s ascending node eyo, and so the 
moon really was the highest that she ever is in this 
latitude, viz.: sS^"" for the colatiiude (or difference 
between 90** and latitude) + 23^"* for the inclination 
of the equator to ecliptic + 5° for the moon's extreme 
elevation above the ecliptic, = 67"^, or three quarters of 
the height from the horizon to the zemth, or highest 
point of the heavens. Whether she was also near 
perigee I do not know. 

Azimuth of Sun and Moon. — ^Most people suppose 
that the sun and moon are due east and west 6 hours 
from their culmination on the meridian, Le. at 6 
o'clock always for the sun in the summer half-year, 
and at variable times for the moon. But in fact they 
never are, except on the single days when they cross 
the equator. We will confine ourselves to the sun 
for simplicity, and because his place is much more 
noticed than the moon's except by astronomera At 
midsummer in this latitude (say 52°), so far from the 
sun being east and west at 6 o'clock, he is so at 7:20 A.M. 
and 4:40 P.M.; and at 6:48 A.M. and 5:12 p.h. on i May 
and 8 August; and at 6:32' A.H. and 5:28 p.m. on 
16 April and 27 August Farther south the deviation 
is still greater : in the latitude of Kome the sun is east 
at 8 A.M. at midsummer, though he does not rise till 
4, which is rather later than he rises here. He not 
only rises and sets fiarther north at any given place as 
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the days lengthen, but is farther north besides at any 
given time from noon. This can only be calculated by 
spherical trigonometry, but you can find the sun or 
moon's horizontal distance from E. and W. (which is 
called their azimuth) at any time, or their time of being 
there, by a terrestrial globe as follows : 

Elevate the globe for this latitude, i.e. set the pole 
52° above the north horizon. The brazen meridian is 
generally graduated from the pole in one direction and 
the equator in the other. The sun or moon's deelinatiofif 
is like terrestrial latitude, reckoned from the equator 
northward, and is given for them both daily in Whita- 
ker's Almanac. Mark any spot on the globe, at the proper 
distance from the equator for the declination, and lay 
that against the meridian, and turn the hour-circlq 
to XII. To find the time of the sun being due east, 
lay a long strip of stiff paper or thin brass over the 
globe from E. to W. of the horizon and through the 
<ienith (38° from the pole, as the equator is 38** from 
the horizon). Bring the sun to that vertical great 
circle (which is called the prime vertical when it goes 
through E. and W.). The number of the hour circle 
then on the meridian is the hour from noon at which 
the sun is E. or W. Or conversely, if you want his 
azimuth at any hour, turn the globe and hour circle 
so much from the meridian, and keep it steady there, 
while you put the vertical great circle through the 
zenith and the sun, and see where it cuts the horizon, 
which is graduated from E. and W., and that is the 
gun's azimuth. If your great circle is graduated, you 
will also see at once the aUiiude above the horizon. 
Many globes have a loose quadrant of brass so gra-: 
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dnated^ and capable of being screwed to the meridian 
at the zenith, so as to turn on a pivot azimuthally, i.e.y 
every point in it moving parallel to the horizon. 



EOIiIPSES. 

An eclipse of the moon is the moon passing through 
the shadow of the earth from the snn^ which darkens 
the moon, as the shadow of a tree darkens the ground, 
only much more, because there is nothing to reflect and 
spread tke light over the moon in shadow' (subject to 
what is said at p. 152), as sunlight is spread by the 
air in some way that no other light is. You know that 
the shadow of the tree stands still, and is equally visible 
to you wherever you stand, if you are near ehough to 
see it at all. And so you never read in the almanac 
that there is going to be an eclipse of the moon visible 
in Spain, or Norway, but not here; except that of 
course it is only to be seen by the people on that side 
of the earth which faces the moon just then. 

But eclipses of the sun are always announced to be 
visible at certain places, and astronomers travel into 
distant countries to see total eclipses of the sun ; because 
that is the only time when the corona and other enve- 
lopes of the sun can be seen directly, or his atmosphere 
investigated at all, as described at p. 93. If you put a 
small screen between you and the fire, it will only hide 
the fire while you are in one place : that is, the eclipse of 
the fire is only visible to you there, and if you move to 
another part of the room you see no eclipse. So the new 
moon may hide the sun from America while we can see 
hjm here. And that is why there are more eclipses of the 
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moon than of the sun in any one country, though 
there are in the whole world more eclipses of the sun. 

But now comes the question, why is there not an 
eclipse of the sun and nioon at every new and full 
moon ? If the moon were always in the plane of the 
orbit of the sun or earth (whichever we like to call it) 
there would be, and that is why that plane is called 
the ecliptic. But she is not : the sun and earth and 
moon could not be represented by balls floating on the 
same water. The moon's orbit is inclined^ to the 
ecliptic 5° 9'; and therefore the moon is only in the 
ecliptic, or on a level with the earth and sun, twice in 
each lunation, when she is just rising above or going 
below the ecliptic at either of her nodes ; and therefore 
eclipses can only happen when the new or full moon 
are near a node. 

Moreover the nodes do not stay in the same place, 
but keep moving backwards, so that each node is nearly 
4/ less than half a circle or 180° from the previous 
one; or they recede 19° 21' a year; or the line of 
nodes revolves in 6793*39 days or i8y. 7m. 6d» This 
twisting motion of the plane of the moon's orbit 
backwards is quite distinct from the revolution of the 
apsides of the orbit forwards in about half the time* 
The recession of the nodes might be represented by 
dipping a sheet of tin into the water inclined 5° 9' to it, 
and twisting it round from left to right, always keeping 
the same inclination ; while the advance of the apsides 
would be represented by an elliptical plate fixed loosely 
to the tin sheet by a pin through the focus, and turned 
from right to left, keeping the focus on the water. 

Unless a new moon happens within ij"^ of a node^ the 
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sun escapes being eclipsed to any part of the earth ; and 
unless a full moon happens within 11° 21' of a node, it 
clears the earth's shadow and is not eclipsed : passing 
through the penumbra only is not reckoned an eclipse 
of the moon. What the penumbra is will be explained 
presently. These limits are for mean distances^ and 
are rather wider when the moon is nearer or the sun 
farther. But the line of nodes must be crossed by the 
sun in his motion round the earth twice a year^ and 
so there are at least two opportunities for an eclipse of 
each kind ; and there may be more. There are never 
less than two eclipses of the sun every year, and there 
can easily be four partial ones. For there are 34^ at 
each node within which one can happen ; and if the 
moon gives the sun one partial eclipse ly"^ before 
reaching the node, she will be in time to give another 
at the next new moon, as the sun will only have moved 
about 29° in that time. Indeed there can be five solar 
eclipses, as there can be 13 new moons in a year, or 
13 full moons, though not 13 of both. Therefore if 
there is an eclipse, lunar or solar, before January 1 1, 
there may be a similar one at the end of December, if 
the position of the nodes is favourable, which it is the 
more likely to be from their receding, so that the sun 
reaches the same node again in 346*6 days,* or rather 
less than 12 lunations (354 days). There can only be 
three lunar eclipses in tiie year, at intervals of 177 days 
or 6 lunations, as the moon can only be eclipsed once 
within the 22° at each node, and she may escape 
altogether. So there are never more than 7 eclipses 

* This gynodical period is calotdaied jErom the sidereal year and the 
6793*4 days of nodal revolutiony by the rale at p. 138. 

L 
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iii> a year, for if there are 5 solar there cannot be 3 
lunar, and vice verm. 

If you put two candles close together, and hold a 
stick between them and the wall at a suitable distance, 
it will cast a narrow black shadow on the wall, bounded 
by two paler ones. Within the black shadow both 
candles are eclipsed, but in the pale shadows only one. 
A lamp with a very wide flame would represent the sun 
more accurately, but two candles are easier to manage. 
When the sun is narrowed by an eclipse the fringes of 
shadows are narrower than usual. So the earth in a 
lunar eclipse casts a black shadow on the moon, called 
the umiyra, within which the sun is totally eclipsed to 
the moon, surrounded by a jpermwira, which is a pale 
shadow on the moon to us, and would be a partial 
eclipse of the sun to those parts of the moon which 
the penumbra covers. In like manner the moon hides 
the whole sun from the earth wherever the umbra or 
full shadow of the moon falls in a solar eclipse ; and 
those parts of the earth which see the sun partially 
eclipsed would appear covered with a pale shadow 
to people in the moon. The shadow of the earth's 
' penumbra on the moon is so slight that it is hardly 
noticed. 

Solar eclipses. — ^The sun's diameter being 396 times 
the moon's, her umbra is a cone which runs to a 
point at a distance = a 395 th of the sun's distance, or 
229,000 miles beyond the moon when the sun is nearest, 
and nearly 237,000 when he is farthest off; and there- 
fore falls short of the earth's surface if the new moon is 
near apogee, and reaches beyond it at perigee, and 
almost exactly to it at mean distances of the sun and 
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moon (p. 117). When the umbra does not reach the 
earth it is only touched by the penumbra, and the parts 
of the earth which are swept over by the middle of the 
penumbra then see a partial but annular eclipse of the 
sun ; for an annular eclipse is only a particular kind of 
partial one. Of course every eclipse begins and ends 
as a partial one.* The places a little way oflf that 
middle line see a partial but not an annular eclipse. 
If the moon is near enough for the umbra to reach the 
earth there is a total eclipse of the sun at all the places 
which it covers. It can only cover a spot 148 miles in 
diameter when the moon is nearest to the earth, and 
the sun farthest, or the total eclipse can only move over 
a zone of that width, and the totality never lasts above 
7 minutes at one place, and very seldom so much. 

For a total eclipse can only last as long at one place 
as that place takes to move through 148 miles by the 
two motions of the earth, bearing in mind the motion 
of the moon and her shadow at the same time. As the 
moon's synodical period with the sun is 708734 hours 
we may consider the sun and moon and shadow at 
rest, and the earth going round the moon in that time 
in an orbit of 238,820 miles mean radius (p. 116) and 
therefore 2122 miles an hour. But we want the velocity 
when she is in perigee, for it is only then that there 

♦ Some pictures of eclipses in books are likely to give an erroneons 
idea of an annular eclipse, by making the middle of the penumbra 
black like the umbra, which is contrary to the fact. No picture seems 
to me likely to make the matter clearer : in fact I had drawn one, and 
mitten a description of eclipses to suit it ; but it was longer than this 
instead of shorter, and harder rather than easier, so far as I could judge. 
There is a good account of the principal ' solar edipses ' under that 
head in the English Gyclopsedia. 

L 2 
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can be a long total eclipse. By one of Kepler's laws 
which we shall consider hereafter, the moon's (or 
supposed earth's) velocity x distance at either perigee 
or apogee = the mean velocity x mean distance ; and 
as the distance at perigee may be as little as 221,600 
miles, it follows that the velocity will then be 2287 
miles an hour or 36 a minute. But a place not far 
from the equator is carried by rotation about 16 miles 
a minute in the same direction as the moon's shadow 
goes, and so such a place will move through the shadow 
about 20 miles a minute ; and therefore under a com- 
bination of the most favourable conditions the totality 
may last something more than 7 minutes. But of 
course that happens very seldom indeed. The eclipse 
of 17 August 1868 lasted a little less than 7 minutes 
in India, and is the longest on record. But a total 
eclipse may take 3 J hours to pass over the whole earth 
centrally. 

It may also be shown, but at too great length to 
introduce here, that in the long run there will be 
rather less than 4 total eclipses in 9 years, visible 
somewhere on the earth. 

Such different accounts have been given of the 
darkness in total eclipses, that we can only conclude 
that the old ones were much exaggerated by the 
people's alarm at such an unusual kind of darkness as 
■11 observers agree that it is. It is also accompanied 
with cold, as is natural, and the darkness of the shortest 
total eclipse is said to be immeasurably greater than 
that of the largest partial or annular one. In a total 
eclipse the moon is more visible than the * old moon in 
the new moon's arms' by reflection from the earth, 
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because theie is not even a bright streak of directly 
illuminated moon to be contrasted with it. 

Mr. Hind, the editor of the Nautical Almanac, pub- 
lished in the Times of 28 July 1871 and 19 Jaly 1872 
accounts of some old total eclipses ; and it is remark* 
able that London has neyer seen but one, on 3 May 
171 5, though there was another in the midland 
counties in 1 140, when it is said people lighted candles 
at noon, and another in the south-western counties on 
22 May 1724, and two in Scotland in 1433 <^d ^SQ^* 
He predicts that London will see another on 1 1 August 
1999. The most recent corrections of the moon's 
motion, and the earth's with it» have enabled the dates 
of certain much more ancient eclipses to be identified 
with the events narrated with them. But Uiere is one, 
the great eclipse of Xerxes, which still resists all 
explanation, unless the date of the battle of Salamis, 
which shortly followed it, is to be altered from B.a 
480 to 478, when Mr. Hind finds there was a very 
large eclipse at Sardis, though not quite total, on 
February 17. Herodotus (vii. 37) thus describes it: 
^ When the army of the Persians was setting out from 

* Sardis to Abydos in spring, the sun leaving his seat in 

* heaven became invisible in a perfectly clear sky, with- 

* out clouds, and instead of day it became night' (exactly 
the phrase which he used for the eclipse of 485, predicted 
by Thales). * Xerxes seeing this became uneasy and 

* inquired of his magi what this phsenomenon might 

* mean. They answered that it signified to the Greeks 
' the destruction of their cities, because the sun was the 

* siffnificator (in astrological language) of Greece, but 
^ the moon of them ' — the Persians^ 



Digitized 



byGoogk 



1 50 Herodotus' s Eclipse of Xerxes. 

This was written by the * father of history ' of a very 
momentous event almost (if not quite) within his own 
lifetime : the invasion of Greece I mean, not merely the 
eclipse ; and a stronger description of a solar eclipse in 
every word of it could not be written. Yet the Astro- 
nomer Eoyal, in the E. A. S. * Memoirs' of 1853, before 
Adams's great correction of the lunar theory, actually 
propounded, as an 'extremely probable' solution 
of the difficulty^ that Herodotus was mistaken, and 
wrote all this of an eclipse of the moon, not in 480 
but in 479 : a notable specimen of the modem fashion 
of correcting almost contemporaneous history by con- 
jectures and supposed probabilities.* And £is a further 
commentary on it, he has since concluded, on other 
grounds which will be noticed afterwards, that * there 
18 still some serious defect in the lunar theory.' What 
historians may say to Mr. Hind's necessity for altering 
the date of Salamis 2 years, and therefore of Marathon 
which was 10 years -after it, I cannot tell. If those 
dates are absolutely immoveable on historical grounds, 
there must be something very wrong in the lunar 
theory. If so, it is strange that the calculations 
should agree with the received dates of the eclipses of 
Thales in 485, of Agathocles in 310, and the still more 
valuable one of Nineveh on 15 June 763, which it 
seems is recorded with its date in one oif the Nineveh 
tablets in the British Museum. But this also, accord- 
ing to Mr. Hind, was not quite total; though he 

* After this it is not surpriBing to find him publishing a ooUeotion 
of equally bold and positive conjectural corrections of the Old Testa- 
ment, and of the received authorship of various parts of it, and even 
of the oharacters and objects of many of the principal persons in it. 
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suggests that a yery slight correction of the lunar 
elements would make it so. The same may possibly be 
true of the eclipse of 478. 

Lunar eclipses are of much less interest to astro- 
nomers than solar, and require little further explana- 
tion. The earth is so large that its umbra in a lunar 
eclipse reaches far beyond the moon^ and may be as 
much as 5950 miles wide where the moon crosses it, 
and is never less than 5650. And as the moon is only 
2160 there can never be anything like an annular 
eclipse of the moon. A total eclipse may last ih. 45m., 
and it is an hour more than that from the first contact 
to the last, since the moon takes about an hour to move 
across her own width. The earth's penumbra is io,2CX) 
miles wide at the mean distance of the moon. These 
things cannot be calculated without geometry, so I 
only give the results. I have already given her mean 
velocity of passing through the shadow — the same as 
the earth's in a solar eclipse, and the maximum : the 
minimum is nearly 2CXX) miles an hour. The moon 
goes apparently as well as really eastward through the 
shadow or over the sun, because she goes round the 
earth 13*37 times faster than the sun or the shadow, 
and the earth's rotation eastward only makes them 
both appear to move westward equally. 

The moon is very seldom so totally eclipsed as to be 
invisible. A lunar eclipse differs from a solar one in 
the boundaries of the umbra and penumbra being much 
less clearly marked. We either positively see or do 
not see the whole or part of the sun, and the part 
which is not eclipsed remains as bright as usual. For 
a solar eclipse is simplified by the moon having no 
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atmosphere to refract the sun's rays as they pass by 
her. But the penumbra of the earth is only a gradually 
darkening shadow, into which the moon cannot be seen 
definitely to enter. Moreover the umbra itself is 
invaded and coloured red by rays which would pass by 
the earth and beyond the umbra altogether if they 
were not refracted and turned inwards by our atmo- 
sphere, which they have to pass through as obliquely 
as possible in skirting the edges of the earth. And 
liiey are bent inwards so much that they cover the 
whole umbra at the distance where the moon crosses it, 
leaving the undiluted umbra a shorter cone which does 
not reach the moon. In other words, there is no time 
when she is quite invisible and does not receive some 
rays of the sun through the refraction of the earth's 
atmosphere ; except that the rays are sometimes stopped 
instead of refracted by the earth's atmosphere being 
cloudy where they pass, and then the eclipsed moon is 
quite invisible, and stars passing behind her disappear 
suddenly without any visible cause. 



CYCLES OF THE MOON, AND EASTER. 

It was discovered long ago, and was once thought 
important, that 600 equinoctial years = 7421 lunations 
within a few hours. But a cycle of that length is of no 
practical value, especially as it does not also coincide 
with any number of revolutions or half revolutions of 
the nodes. 

The Saros. — But there are two other lunar cycles 
of much more useful length, and one of them has still 
an important bearing on our calendar. They are so 
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nearly of the same length, that they are liable to be 
confounded, though they have no relation to each other. 
The first is the Chaldaean Saros (which means resti* 
tntion) or cycle of eclipses. 223 lunations are 6585*324 
days, or 18 of our years -f- 10 or 1 1 days (according as 
they include 5 or 4 leap years) and /h. 41m. That is 
only 45m. short of 242 nodical months (p. 130); and, 
by another remarkable coincidence, it is only 5 hours 
short c^ 239 anomalistic months (p. 128). Conse- 
quently the sun and moon and her nodes will then be 
all again in the same relative position, and their 
distances from the earth also practically the same ; for 
the II days and the 5 hours respectively make no 
such difference in their distances from perigee as to 
affect their distances from the earth sensibly. Gonse- 
quently all the eclipses will recur in the same order 
^id magnitude after this period : but not at the same 
times of day, on account of the 7h. 41m. difference, and 
so they may not be visible at the same places. There- 
fore the ChaldaBans, who had ascertained all this some* 
how, made a more complete saros of three such periods, 
= 54 years -f- 32 or 33 days mthin an hour. It is 
singular that even the stars are very nearly in the same 
position relatively to the sun and moon at the end of a 
saros, for it only exceeds 241 sidereal lunations (p. 137) 
by 19 hours.* 

The Metonic cycle * is so called because it was 
discovered by Meton an Athenian, B.G. 433. It has 

* See the Appendix on Ohaldiean Astronomj in Mr. Prooior's 
' Satnni/ p. 173. Sir J. Henschel does not notice this anomalistic co- 
incidence, which affects the magnitude and even the nature of a solar 
eclipse^ making it perhaps either annular or total 
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nothing to do with eclipses, but it is of far more im- 
portance than the Saros, as the time of Easter has been 
fixed by it as long as it has been fixed by any rule at 
all; for many centuries without any modification, and 
latterly with some; but still that cycle is the rule. 
23s lunations take 6939-69 days, or so little less than 
19 years of 365^ days that they only differ by a day in 
322 years. There is indeed a whole day's difference 
according as the 19 years include 4 or 5 leap years; 
and the complete cycle is 4 x 19 or 76 years. But the 
world has always been content to use only 19 patterns 
of years at once for finding the Easter moon: only 
they are now shifted in the calendar 7 times in 1200 
years, as you will see at p. 1 59. Neglecting for the 
present that difference between leap and common years, 
which corrects itself every 4 years, and the moon's 
coming a day sooner in 322 years, we may say that the 
new and full moons come again on the same days of 
the same months every 19th year. Therefore there are 
only 19 out of the 30 days after the vernal equinox on 
which the equinoctial full moon can fall; and the 19 
golden numbers prefixed to those days in the Prayer- 
book calendar mean that the day against the golden 
number of the year is the day of Paschal moon, or full 
moon next before Easter Sunday. 

For by the rule which has existed over all the world 
since the first Council of Nice in 325, Easter is the 
Sunday after the full moon next after the 20th of 
March. The Council left the moon to be found as it 
might be ; and further disputes arose on that ; which 
were ended by Pope Hilarius in 463 ordaining what 
has ever since been the law of church and state, that 
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the Paschal moon should not be the actual full moon 
to be found by astronomers, but the 14th day of the 
moon by the Metonic cycle, though the real full moon 
is generally on the isth day from new. This was done 
to prevent Easter falling on the Jewish Passover. 

Consequently the Paschal moon often differs from 
the true equinoctial moon by a day or two, and Easter 
may be a week, or even five weeks earlier or later than 
it would be if it followed the real moon. Indeed unless 
an 'Easter meridian' were agreed on for the whole 
world, it might still differ five weeks in different places 
in the same country, even if it were fixed by astro- 
nomers and therefore made incalculable either forwards 
or backwards by anybody else. For if there is full 
moon in London very early in the morning of Saturday 
March 21, Easter would be the next day there: but 
that same full moon may be on Friday night of March 
20 at Exeter or Oxford by true time, and therefore 
would not be the Paschal moon there, which would be 
on Sunday April 19, and Easter not till April 26: 
which it never is now. 

The correction of the Metonic cycle for the purpose 
of keeping the ecclesiastical full moon tolerably near 
the real one on the average involves the whole subject 
of the reformation of the calendar, or the change &om 
Old to New Style, which is intimately connected with 
astronomy. It occupies many pages in the books 
which treat of it fully, but I hope to explain all that is 
imiportant of it in a short compass. The most complete 
treatise on it is De Morgan's in the * Companion to 
the Almanac' for 1845 and 1846, and his article on 
Easter in the English Cyclopaedia. There is also a 
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very clear paper about it in the Philosophical Transac- 
tions of 1750 by the Lord Macclesfield of that time, 
which prepared the way for the Act of Parliament, 
24 G. IL, cap. 23 (175 1), for changing the style in 
September 1752.* But none of these contain a table 
for old style as well as new, such as you will find 
at page 164: nor do the Prayer-books, as they only 
have the calendar and rules of that Act for all years 
after 1599. The Paschal full moon is in fact a Par- 
liamentary phs&nomenon, not an astronomical one. In 
order to explain it we must consider generally — 

The Calendar. — ^It was known very early that a 
year is no exact number of days ; and different nations 
had different plans for occasionally adding or inter- 
oalaiing days, to make up for the fraction lost in each 
year. It is not worth while to go into the history of 
these contrivances. The present scheme of three years 
of 365 days and a fourth of 366 was invented for Julius 
Cassar by Sosigenes of Alexandria B.a 45, and lasted 
without alteration (except a temporary mistake cor- 
rected by Augustus) until the time of Pope G-regory 
XIII. It was then found that the real equinox fell ten 
days before the nominal one of March 21, and that 
Easter had got four days wrong besides, from the error 
in the Metonic cycle. Ten days were accordingly 
struck out of the calendar between the 4th and 1 5th of 
October 1582 ; and to prevent the error for the future 

* Tou ^ill find in the English and in Bees's GyclopdiaiB, a great 
deal alao about the epact, or age of the (ecdeslastioaJ) moon at the be- 
ginning of the year. But we can do as well without it, and the subject 
wants no superfluous complication. De Morgan also published a 
* Book of Almanacs/ containing the 35 patterns of years for the 35 
possible days of Easter, according to tibe rules : if they followed the 
real moon there would be 36 almanacs. 
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it was decreed that eyery looth year should lose its 
leap day except those divisible by 400. I will describe 
the new Easter arrangements presently. 

This is the Gregorian or New Style, which was in- 
vented by Clavius, a Jesoit, and adopted in all the 
Boman Catholic countries before the end of 1582, and 
by the Protestant German states in 1700, but not by us 
till 1752, and Sweden the year after, and not yet by 
Bassia and the Greek church, which is therefore now 
12 days wrong. In 175 1 Parliament enacted that the 
day after 2 September 1752 should be September 14: 
dropping thus 1 1 days, because we had got one day 
more wrong by allowing 17CX) to be a leap year. Of 
course due provision was made that nobody should lose 
or gain 1 1 days' interest on their debts ; nevertheless 
the Act caused riots among the common people, who 
cried out ^ Give us back our eleven days,' as if they 
would die so much the sooner for the loss of them. 
Fortunately they were not masters. 

Moreover you must remember in reading old books 
that the years legally began on March 25 until the 
change of style; and therefore such an event as the 
execution of Charles I. on Tuesday, 30 January 1649, 
as we call it now, is said in old books to have been in 
1648. A year of the average length of 365^ days is 
called a Julian year ; but the years of the Julian era 
are reckoned from i January 4713 B.C., an arbitrary 
epoch which was invented for reasons of no consequence 
now; so 1876 is the 6589th of the 'Julian era.' For 
there was no ▲.D. o, and the 19th century of our era 
(which probably begins 4 years after the real birth 
of Christ) began on i January iSoi^ not i8oo. 
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To turn Old style into New, add 1 1 to the day of the 
month in the century beginning 18 Feb. 1700, which 
becomes i March, as that February would have no 
leap day by New style : add 10 days in the two centuries 
after 19 Feb. 1500; 9 days in the century beginning 
20 Feb. 14CX), and so on. 

Now let us see what amount of error the Gregorian 
calendar stijl leaves, after professing to correct itself 
every 400 years. A million Julian years are 365,250,000 
days; but a million equinoctial years are 365,242,216 
days. Therefore the problem is how to drop 7784 
leap days in a million years in some neat and simple 
way: that is, one day in 128*47 years. But the Gre- 
gorian plan drops a day in 1 33*333 years in the long run. 
Therefore the error is 4-86 days in 128*47 X 133*333 
years, or a day in 3524 years. Accordingly Sir J, 
Herschel proposed to carry the correction a step farther 
by making every 4000th year lose its leap day, though 
it is divisible by 400 : which would go for about 28,000 
years without an error of a day. 

But I think the mere statement of the problem sug- 
gests the best solution of it : 128 = 32 x 4 ; and that is 
a number easy to remember, being formed by 7 succes- 
sive duplications of i, or 2^ Therefore the simplest of 
all plans would be just to let every 128th year lose its 
leap day ; and that only makes a day wrong in 35,440 
years: which is ten times more accurate than the 
Gregorian scheme, and seven times better than another 
which is commended by Sir J. Herschel, for dropping 
one day in 132 years (misprinted or hastily written in 
his * Outlines ' 128) by postponing the leap day of every 
32nd year to the 33rd; which would also be most 
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inconvenienty by making the leap years no longer all 
divisible by 4. 

Even if reckoning by centuries is thought essential, 
still the Gregorian scheme is not the best. It would 
be both more correct and more symmetrical to drop the 
leap day of every century except the fifth, instead of the 
fourth * For that makes leap years of 2SCX), 3000, &c., 
instead of 2400, 2800, 3200, and only accumulates 
an error of a day in 4646 years : which again could 
be rectified in $000 years more completely than the 
Gregorian error in 4000. 

Correction for Easter. — The next question was how 

Easter was to be set right, and the Metonic cycle 

modified for the future, to prevent the ecclesiastical 

and real moons from getting wider and wider apart. 

Under the Old style the golden numbers were never 

shifted; for it assumed the Metonic cycle to be perfect; 

and therefore the same cycle of almanacs recurred every 

7X4X 19 or 532 years. For the future they wanted 

a new set of pattern years, to be indicated by the 19 

golden numbers, with a contrivance for shifting them 

again when they had got a whole day wrong. The 

golden numbers of successive years have always run 

regularly from i to 19 without any dislocation. So 

the first thing was to put them against a new set of 

days between March 21 and April 18 (inclusive), and 

that arrangement was to last till the year 1700. Then 

they are to be shifted on this plan : at every century 

♦ Priar Bacon in 1267 urged Pope Clement IV. to reform the 
calendar on a plan equivalent to this. He had found out somehow the 
IcDgth of the year more exactly than anybody else then or for a long 
time afterwards. But he was put in prison for ten years instead ; 
which has been merged in the greater fame of Galileo's imprisonment. 
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divisible by neither 3 nor 4 they are all to.be advanced 
a day in the calendar, and to be set back a day at 
every century divisible both by 3 and 4, i.e. by 12, 
and not altered in the others. 

The reason of that contrivance was this. Suppose 
the sun and moon to be right at some century divisible 
by 12, which we may call o for this purpose. Then at 
the year 100 the Gregorian year loses a (leap) day, and 
so the moons of the next century will all come a day 
later than if that day had not been dropped, and the 
golden numbers must be advanced a day accordingly ; 
and the same at 200. At 300 the year again loses 
a day ; but by that time the Metonic cycle has put 
the nominal moon nearly a day too forward, and 
therefore ought to lose a day; and so they balance 
without any alteration. In 400 the year does not lose 
a day, and the moon does not, and so again they are 
right; and thus you may go on till I2CX), which 
drops no day ; but the moon has then lost a day since 
900, and so the golden numbers have to be put back. 
But Clavius supposed the moon to lose a day by the 
Metonic cycle in yx> years more exactly" than it does. 

You may see the residt of all this in iJie Prayer-book 
in IL and III. of the ' Greneral tables for finding the 
Sunday letter and the places of the golden numbers/ 
for as long as the world and the Grregorian rules may 
last. The smaller numbers by the side of the cen- 
turies in Table II. show at once how many days the 
golden numbers are advanced on the whole since i6cx>, 
which will evidently be 5 days in 1200 years on the 
average, being set ba(*.k once in that time, and forward 
9 times. 
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Kow let US see how nearly this keeps Easter rights 
assuming it to have been set right in i6oa Though 
235 lunations take ih. 26m. less than 19 Julian yearsi 
they take 2h. 6nu more than 19 equinoctial years, so 
that the moons of eyery 19th year, or of every year 
with the same golden number, come a day later after 
216 years. In other words, if our years were correctly 
adjusted, by dropping two days in 257 years, a new or 
full moon of March 21 now would SeAi on March 22 in 
any year of the same golden number after 216 years, 
and on March 23 after 432 years, and so on. So that 
instead of the golden numbers advancing at the rate 
of 5 days in izoo years, they ought to advance 5 days 
in 1080 years. Again 235 lunations exceed 19 Gre- 
gorian years (whose average length is 365*2425 days) 
so much that the moon advances a day in 232 of those 
years, or 5 days in 1160 and not I2cx> years: so that 
the Gregorian rule does not keep the moon right even 
for the average Gregorian year, which is itself wrong. 

The result of aU this is that the rules for keeping 
Easter neither keep it by the real equinoctial moon <^ 
each year, nor by a moon which is right on the average 
of a long period, either for the real equinox, or for the 
artificial year which we adopt, and sometimes leave 
it five weeks off the real time. It seems that even 
ClaviuB the Jesuit, who did the astronomical work of 
reforming the calendar for Gregory XIU., ventured to 
publish the suggestion that it would be better to keep 
Easter by the sun, making it the Sunday after some 
given day, instead of letting all the great festivals and 
holidays, except Christmas, wander over five weeks of 
the calendar in the vain attempt to follow the moon. 
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perhaps before the year 2000 the world will be in a 
condition to revise the calendar and reconsider that 
question without prejudice.* 

To find the days of the Week. — ^But whatever is 
to be done hereafter, Easter and the days of the week 
for any given days of the month can only be found for 
the past and the present by the existing rules, and so it 
is important to understand them. The table in the 
Prayer-book for finding the Sunday letter, or the day 
of the week for any given day of the month, is wrong 
for any year before September 1752. They copied the 
Gregorian tables into the Act of 1751 without taking 
the trouble to adapt them to this country, or to say 
that they only applied to the new style ; and therefore 
that table will give wrong days of the week backwards 
before 1752. The proper table and rule are these : 



For countries which 
changed their style 
in 1582 it must be, 

1 Gr 17CX). 

2 P 1583 to 1699: 
the rest as before. 



A 1800 to 1899 inc. 

1 G 14 Sep. 1752 to 1799. 

2 F 25CX). 

3 E 24CX), 2300. 

4 D 2200. 

5 2100, and every year 
of old style. 

6 B 2000, 1900. 

Rule for finding the Sunday letter.— Add to the 
year its fourth part, omitting fractions, and also the 
number set opposite to it or to the last century before 
it in this table, and then divide by 7; the remainder 

* The eqninoctiftl fuU moon appears to have some effect on the 
weather. The Easter fortnight has only onoe passed without frost 
or snow in England since 1837 certainly. Before that I did not 
observe it. The coldest Easter 1 ever saw was almost the latest 
possible. 
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over indicates the Sunday letter. But until the end of 
February in leap years the letter above the one so 
indicated is the Sunday letter. When that is found 
you have only to look at the Prayer-book calendar, 
where all the days marked with that letter are Sundays 
in that year. The resuson of the rule is that a common 
year ends on the same day of the week as it begins, or 
has one day over the 52 weeks, and a leap year two 
days. Therefore starting from o, there are as many 
days over beyond some entire weeks as the number of 
the year + the number of leap years, and as many 
days of the week over as the remainder after dividing 
those days by 7. The arrangement of the letters in 
the calendar, beginning with A for January r, is only 
arbitrary, and happens to require the constant ad- 
dendum of S to make the Sundays of all the years 
until the change of style come right* After 1752 the 
dropping of leap day in every century not divisible by 
4 displaces the Sunday letters of the next 100 years by 
one day. 

To find Easter.— Either of the tables in the Prayer- 
book for this purpose is right since 1752. I have 
made a similar one for old style, which is right for 
every country until it changed, and therefore here till 
1753; for Easter of 1752 went by old style. First 
come all the possible days of the Paschal moon, and 
therefore of the golden numbers, and a week more to 
reach a Sunday when that moon is on Sunday April 
18. l?hen come the Sunday letters of those days 

* You may test this by the date above given for the death of 
Charles I., or by the older date of Oolumbus's sailing for America (which 
sailors appear to have forgotten was not an unlncky journey certainly) 
on Fridayj 3 August 1492 (Helps's * Columbus'). 
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TahU for finding Easter. 
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How to use the Table. 165 

accordiog to the calendar. The column headed 0. 8. 
has the golden numbers as they stood until the 
change of style. The next has them up to 1899 
(inclusive) from 1753 in England, and from 1700 
in Boman Catholic countries ; and the following one 
from 1900 to 2199, unless the rule is altered before 
then. The column headed 1583 to 1699 is only for 
the countries which changed in 1582 (see English 
Cya, Easter). 

The way to use the table is this. Add i to the 
year and divide by 19, and the remainder is the 
golden number, no remainder corresponding to 19. 
Find that in the column which the year belongs to, 
and run your eye horizontally back to the day of the 
month opposite to it, which is the Paschal moon, or 
the 14th day of the moon according to the Gre- 
gorian rules. The Sunday after it is found by the 
rule which I gave for the Sunday letter, and that is 
Easter Sunday. 

THE TIDES. 

The rising of the tides as much later every day as 
the moon is later in coming to the meridian must have 
been the first thing that suggested the idea that they 
are due in some way to the moon's attraction. Their 
connection with the sun might be less evident, though 
thoughtful men must have perceived it from the fact 
that the tides are greatest at new and full moons and 
least at half moons. Still it was not till Newton came 
that any real theory of the tides was propounded, and 
even he left it imperfect. His theory is very simple. 
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Every particle of water ou the earth is attracted 
towards the moon (taking her first) with a force 
proportioned to her mass and the inverse square of her 
distance from that particle. Therefore she attracts 
the water on the near side of the earth more than she 
attracts the earth (at its centre), and the water on 
the far side less; which comes to the same thing for 
tidal purposes as if the moon were cut into two nearly- 
equal parts, and the larger half left in the real place 
of the moon and the smaller one put exactly opposite, 
leaving the earth's centre unmoved. You will see 
presently why the, two halves must not be quite 
equal. The moon then diminishes the force of gravity 
towards the earth's centre both under her and on the 
opposite side, and so the water rises there from the 
two cross sides of the earth where gravity is not 
diminished, but is rather increased, as we shall see, 
until the increased height and mass balances the 
difference of gravity. 

But that is not all. If you pull two balls not far 
apart with long strings of equal length held in one 
lumd, you will also pull them towards each other, with 
a force which, you must take it as proved, varies as the 
angle between the strings (so long as it is a small one), 
i.e. as the distance of the balls apart divided by the 
length of the istrings. In the same way the moon's 
attraction draws in all the waters which lie at or near 
90° from the point facing her, which is the same as if 
the earth's attraction on them were increased. But 
this contractive force, or the resolved pari of the moon's 
attraction on the sides of the earth, towards the centre, 
is only half the other separating or differential force, as 
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I will show you presently. Therefore if you call the 
contractiye force i, the other will be 2^ and there is 
altogether a force of 3 tending to make the water 
facing the moon, and at the back of the earth opposite 
to her, higher than the water at 90° &om those places. 

The sun does the same in all respects^ but in a less 
degree; for although the general attraction of the 
moon on the earth is very small compared with the 
sun's, yet her differential attraction and her contractiye 
force on the opposite sides of the earth are greater, 
because she is so much nearer, and both these forces 
depend on the proportion of the earth's radius to the 
distance of the sun and moon respectively, as in the 
case of * precession * (p. 73). If you like to see the cal- 
culation of the actual amount and effect of the tidal 
forces of the sun and moon, and the proportion which 
they bear to gravity, or to the earth's attraction on its 
own water, it can be done as follows. 

We may take any length and any mass for the units 
of length and mass, for a foot and a pound are merely 
arbitrary ones convenient for measuring on a small 
scale. It will save trouble to call the earth's radius 
and mass each i, and then the sun is 322,700, and his 
distance 23,213, and the moon is '0123, and her distance 
60 from the earth's centre, but 59 and 61 from the 
near and far sides of the earth respectively. Then 
the moon's attraction is to terrestrial gravity as '0123 
to 60^; and so her attraction on the near side is 
'0123 y vity, ^^^^^ the far side o^a x^gravity 

Now we want the difference between each of these and 
the attraction at the distance 60 ; and if you take the 
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trouble to calealate it you will find that the difference 
on the near side of the earth is a little more, and that 

on the far side a little less, than M^ — * * 

and that is why the moon must not be divided into two 

quite equal halves for tidal purposes ; the tidal force 

under the real moon is about a 20th more than on the 

far side of the earth ; but practically that last fraction 

represents both of them, and we may say that the 

moon's differential force at the surface of the earth or 

at distance i from its centre is to gravity as twice the 

moon's mass is to the cube of her distance. In like 

manner the sun's differential force is to gravity as 

twice his mass, or 2 x 322,700, is to the cube of his 

distance measured in earth's radii, or 23,2 13^ And 

there is no sensible difference between the sun's tidal 

force on the nesur and far sides of the earth, as the 

difference of distance is only an 1 1, 606th. 

And to each of these half as much more has to be 

added for the contractive force ; for that is the general 

attraction of the sun or moon on the earth x the small 

fraction which has the earth's radius or i for numerator 

and the sun's or moon's distance for denominator. Thus 

the scone cubes of distance come in as before, but not 

the 2 in the numerator ; and the whole tidal force of 

sun 322,700 X 3 J « moon -0123 X3 

»■ — = ■= — - — 5 — ^; ana ot r-- = — ^-^ — ^ 

gravity 23,213' gravity 60' 

You will find, if you work out these figures, that 

* With the earth's radius as the unit of length we must remember 
that gravity would have to be represented by a very much smaller 
figure than 32*3 as usual; for that means feet, as the usual unit of 
length ; but we have no need to use any figure for gravity here. 
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gravity is nearly 6 million times the moon's tidal force 
and 13 million times the son's, at mean distances ; and 
adding the \ and ^ together, the attraction of the 
earth on its own water is above 4 million times greater 
than the tidal forces of the son and moon together. 

If the earth were a fluid sphere of nearly 21 million 
feet radius, and of uniform density = the present 
average density, the tidal force at every depth would 
be the same 4 millionth of the central attraction, since 
they both vary as the distance from the centre. And 
as the weight of a prolate spheroid is to the sphere 
which it contains as their different axes, the tidal force 
would pull out the sphere into a spheroid whose semi* 
axis major exceeds the minor by 5^ feet and lies in 
the IvM ofm/zyffyy pointing to the sun and moon. But 
the depth of the oceans being quite insignificant com- 
pared with the earth's radius> that calculation will not 
apply, and the actual result is that the tidal ellipticity 
due to sun and moon together is cmly a 6 millionth, 
or the highest tide is only jj^ feet above the lowest in 
the open sea. The earth is always treated as a spherd 
in tidal calculations for simplicity; or rather, the 
calcidations are only applied to the zone including the 
equator: beyond that, mathematics cannot yet deal 
with them. 

There is the same kind of excess in the force of the 
earth on the near side of the moon, as of the moon 
on the near side of the earth. But though the earth 
is 8iJ^ times heavier than the mooui the moon's 
radius is only the 220th of the earth's distance, and 
so the excess of attraction on the near side of the 
moon over the far side is only one 75 th, and therefore 
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quite inadequate to account for its supposed shape 
(P' I3i)> though enough to have made her a slightly 
prolate spheroid when she was fluid. The whole tidal 
force of the earth on the moon is about 120 times 
that of the moon on the earth, being greater as 
the earth's mass and gravity on the surface exceed 
those of the moon, and less in the proportion of their 
diameters. 

If you cannot follow these calculations you may 
accept it as proved that the tidal forces of the sun and 
moon are as their masses directly and the cubes of 
their distances inversely. And their distances vary 
enough to make, a considerable diiSerence in these 
proportions at different times. When the sun is at his 
nearest and the moon at her farthest, he is only 364 
times farther off, and the cube of that is 48 millions ; 
but when she is nearest and his farthest his distance is 
410 times hers, of which the cube is nearly 72 millions, 
or just half as much more. So we have those two cubes 
in favour of the moon to set against 26 millions for the 
sun, who is so much the heavier. Therefore the sun's 
tidal force varies from rather more than half to rather 
more than a third of the moon's. 

But all this might be so and yet hardly any tide 
would be visible, if the earth always kept the same 
face towards the moon, as she does to the earth. 
There would then be only a solar tide about a foot 
high, which would also move so slowly round the 
earth that its effects would be very different from 
what we see now. The ebb and flow of the tide, by 
which alone it is felt as a great power over the world, 
depends upon the earth's rotation within the water, 
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while part of it is held up by the tidal force. The 
easiest way to understand the effects of the rotation 
is to suppose the earth fixed^ and the sun going round it 
from east to west in 24 hours, and the moon in 24L 49m. 
The moon then drags the two opposite tidal waves 
after her at the rate of 1003 miles an hour at the 
equator, and the stin two others at the rate of 1041. 

Not that the water itself moves at anything like 
that speed, or that much of it is carried round the 
earth at all, except in long periods. The thing that 
travels with the moon is the two alternate states of 
elevation and the depression of the water at 90*^ apart, 
A wave is the transmission of a state, not of a body. 
The water is indeed moved to the very bottom of the 
sea, and a good deal of it moves forward, and some 
back again afterwards, besides being lifted and let 
down again. Although the tidal wave travels west- 
ward with the relative motion of the moon, the tide 
itself moves towards an eastern as well as a western 
shore, because that is the necessary effect of the whole 
mass of water rising. And when the advancing water 
is stopped by land it can only dispose of itself by rising 
much higher than the 3 feet of the open sea. Waves 
raised by a wind stir the water to a very little depth, 
and not much water is carried forward in them. They 
* break ' on a shore because the friction of the ground 
stops the bottom of the water from going as fast as the 
top, which therefore tumbles over. 

Neap and Spring tides. — The sun has his two tidal 
waves as well as the moon, but of less than half the 
size on the average ; and therefore it is best to consider 
the tide as mainly belonging to the moon and modified 
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by the son, as follows. At half moonGf, or q%iad/raiwre^f 
when the sun is 90^ or 6 hours from the moon, they 
pull across each other, and the sun tries to make high 
water where the moon is making low water. The 
moon's tidal force being more than twice the strongest 
prevails, but the tide is only due to the difference of 
the two forces, and so rises and &lte leasts and that is 
called neap tide. 

When the moon is past quadrature and has not 
reached 8y2ygy, or the line of new and full moon, the 
tide is kept in advance of her by the sun ; but after 
syzygy the tide lags behind the moon, being kept back 
by the sun. Consequently the tide of any place is not 
regularly 49 minutes later every day, as if it obeyed 
the moon only, but sometimes as much as an hour 
later and sometimes only 38 minutes. This is called 
the priminff and tagging of the tides. When the son 
and moon are in syzygy, either in conjunction or 
opposition, they augment each other's tidal force and 
produce spring UdeSy which are the som of the lunar 
and solar tides, and rise the highest and fall the lowest. 
And these again are greatest at the equinoxes, because 
then the sun is on the equator and the moon must be 
within 5^ of it, and so they are in the best position for 
drawing the water from the sides to the front or back 
of the earth. For if you wanted to pull a sluggish 
globe round, you would wrap a string round it at the 
equator and puU in the plane of the equator. And 
they are greater still when the new or full moon is 
at perigee near an equinox, which must happen about 
every 4^ years; and greatest of all when the moon's 
nodes are there too, every 9^^ years. But the actual 
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very high tides depend on the wind ooncnrring with 
these astronomical causes ; and therefore predictions of 
them generally fail. 

Weighing the moon by the tides.— We have thus 
far been assuming the moon's mass to be known, and 
calculating the proportions of the tidal forces from it 
But in fact it was just the contrary. The moon's mass 
was first ascertained from observations of the diJOTerence 
of the lunar and solar tides, i.e. of spring and neap 
tides at various places thus. Suppose the average 
spring tide anywhere is 41 feet, and the neap 15 ; then 
the lunar tide is to the solar as 41 + 15 to 41 — 15, or 
as 28 to 13. But the moon's tidal force is to the sun's 
moon ^ sun ^, , ,. , 

^EiFdiir»*° tiigdi8t> - ^^^ ^^ ""^ ^'^^'^ 

is 385 times the moon's and 385' is about 57 millions. 
Therefore 57 million times the moon is to the sun as 
28 to 13, which makes the sun nearly 26} million times 
the moon. And the sun's mass being known to be 
322,700 times the earth's by other means, that makes 
the earth about 82 times the moon; which is near 
enough for this purpose, and in fact much nearer than 
could really be ascertained from the tides, complicated 
as they are by friction and other local disturbances. 

Newton from imperfect measures of the tides made 
the earth 40 times as heavy as the moon, and Laplace 
70 : Sir G. Airy called it 80 in 18561 Mr. Adams' and 
Mr. Stone's figure is 81*5, making the moon '0123 of 
the earth, an easy figure to remember. Sir J. Herschel 
lowered the moon to one 88th of the earth ; but the 
81-5 is now generally accepted. The moon's mass is 
not affected by the late alteration of the mass and 
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distance of the sun ; for the sun's tidal force remains 
the same as before, his mass and the cube of his 
distance being reduced equally (p. 85)* 

The top of the tidal wave however does not really 
point to the moon at spring tides, but 45° or 3 hours 
behind it in the open sea, and much more where it is 
obstructed by land. For the inertia and friction of the 
water take some time to overcome, and so the effect is 
always behind the cause* Spring tides are also a day 
or two after new and full moon, because the tidal force 
keeps accumulating for several days while the sun and 
!moon are near together, and there is a greater amount 
of it in the four days with syzygy in the middle than 
in the four days before syzygy. So the hottest and 
coldest weather is after and not at the solstices. The 
more the tide is impeded by land the longer it naturally 
is behind the proper astronomical time : in London it 
is two days behind. Sometimes it has to come round 
islands, and is divided into two streams : consequently 
there are places where two tides come by roads of 
different lengths, and so rise and fall 4 times a day ; 
and others where the low tide by one road neutralises 
the high one by the other. 

In running up gradually narrowing channels it rises 
much higher than on the sea shore ; as high as 50 feet 
above low water at Bristol, and in some parts of the 
world still more, but only about 12 feet generally on 
an open shore. Sometimes the tide rolls up a river 
which gets gradually narrower, when the wind helps it, 
with a face like a wall and the velocity of a railway 
train, upsetting everything in its way. This is called 
the lore in the Severn and Avon and some other rivers. 



Digitized 



byGoogk 



The Bore or Eager, 1 75 

and the eager in the Hninber, and it is far greater in 
some American and Asiatic rivers* On the other hand, 
when the tide has to make its way into a large sea 
through a narrow passage, like the Straits of Gibraltar 
into the Mediterranean, it is unable to produce any 
sensible rise and fall over such a sea. 

But the tide sweeps rapidly over wide and level sands, 
so as to overtake and drdwn people sometimes, because 
a rise of a few inches then runs over a great area of 
sand ; and it becomes soft under the water, like a bog, 
or ' quick,' because moving water lifts and carries sand 
and stones along with it, according to their smallness 
and (probably) the square of its velocity. For the 
weight of the stones increases as the cube of their 
diameter, but the surface only as the square, and the 
power of the stream to move them varies directly as 
their surface and inversely as their weight ; and there- 
fore varies inversely as their diameter, or as the cube 
root of the weight, among stones of the same specific 
gravity and general shape. A river goes on rising for 
some time after ^ slack water/ when things cease to 
float upwards, because the natural flow of the river 
downwards balances the tidal flow upwards, but both 
raise the water. 

The wave theory of tides, — ^But all this Newtonian 
or daiical theory of the tides is imperfect, and indeed 
erroneous, because it disregards their motion round the 
earth, which has to be kept up by the moon and sun in 
addition to the mere raising of the tide. It also dis- 
regards the fact that a wave once started will go on 
with some velocity of its own, depending on the depth 
of the water and tiie force of gravity, until it is either 
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worn out by friction or accelerated or retarded by some 
other force. Such a wave is called a ^free' wave. 
The statical theory however serves very well to explain 
most of the phaBnomena> though on one important 
point it leads to a conclusion exactly the opposite of 
the truths which is again modified by a sort of acoident 
into apparent coincidence with the true result. The 
hydrodynamioal or wave theory of Dr. Young is a good 
deal more difficult;* but it is possible to give some 
explanation of it, on the usual assumption that we may 
treat the tide as going round the earth in zones or 
canals parallel to the equator ; though this is certainly 
not the case when we get far from the equator ; hut 
the calculations far high latitudes and oblique currents 
are beyond the present power of mathematics. 

Let us see then how a wave is propagated in a canal 
by any force which for a moment pushes the water 
forwanl through its whole depth and widths or in any 
way raises it by a disturbance reaching to the bottom 
as the moon's attraction does. The deeper it is the 
more water will be lifted by a given push or displace- 
ment of any vertical column or slice of the canal; 
simply because more water is displaced in a deep slice 
than a shallow one, and the more that column will 
overtop its neighbour for the moment. But the raised 
water immediately endeavours to fall again; which it 
can only do by pushing the adjacent column forward 

* I should have tbonght it altogether hopelesB but lor the assutaDce 
of some papers kindly sent to me soon after the pnblioation of the fourth 
edition of this book by an old Oambridge friend, Mr. D. D. Heath, 
the senior wrangler of 1833. Kot that he is responsible for the manner 
in which I have used them, and they invoWed more mathematics than 
I must introduce here. 



Digitized 



byGoogk 



Velocity of a Free Wave. 177 

>nd upward in the same way. And thus the elevation 
or wave travels on, with a velocity depending on the 
momentary elevation of each column above the next, 
or on the slope of the whole wave surface ; and that 
you see depends on the depth. It would travel un- 
abated through the whole length of the canal, or round 
and round the earth, but for friction, which would in 
time wear it out if not kept up by «ome renewal or 
continuance of the force which started it. 

It is provable by mathematics* that the velocity* 
of the crest of the wave = the depth of the water x 
gravity ; and expressing gravity as usual by 32*2 feet 
per second, that means that velocity' per second = 
depth X 32*2, all in feet. But each particle of water 
moves very little, and quite differently and sometimes 
opposite to the progress of the wave. It is always 
advancing while it is above its own mean level, as 
you will see if you consider that it is the pushing of a 
whole vertical stratum of particles forward which 
produces a wave ; and again the particles are always 
receding while they are below their mean level. 
Therefore every particle describes a long ellipse — 
unless the water has an independent current, which 
may be going either way, and then we have only to 
suppose the ellipse travelling with it as the imaginary 
lunar orbit travels with the earth. The velocity of 
each particle backwards and forwards is to the velocity 
of the wave as its height above and below mean level 
is to the whole depth of the water; which you see is a 
very small proportion. 

* See Hr. D. D. HeatVs paper in the ' Ph. Kag.' of liaich 1867, or 
8ir G. Airy on the tides in the Sncyc MetiopoUtana. 

N 
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It is easy to calculate from the above expression for 
the velocity of a * free * wave that the sea should be 12^ 
miles deep for snch a wave to go round the equator at 
the rate of 1000 miles an hour, or the same rate as the 
moon, considering the earth as not rotating. But the 
sea is nowhere probably more than 5 miles deep 
through many degrees of longitude, which would give 
a velocity of only 600 miles even if it were that depth 
all over. In other words, gravity acting on a wave 
once started is not enough to make the tide keep pace 
with the moon, except in rather high latitudes, where 
the circumference of the earth is so much less that the 
velocity due to gravity might carry the wave round the 
earth in a day. But certainly over the great mass of 
the ocean the moon and sun have a good deal of work 
to do in keeping up the tide, even independently of 
friction which would soon wear it out. Let us see how 
they must perform the operation ; and we vidll consider 
the moon alone for simplicity. Then assuming the 
great tide wave to exist as a prolate spheroid pointing 
somewhere, we have to find where that is, or where the 
moon must be vrith respect to it in order to keep it up 
and drag it round the earth after her. 

For this purpose of increasing the natural velocity 
we want gravity increasing, since velocity varies as 
V gravity* When the prolate spheroid points to the 
moon, or our two imaginary halves of the moon, 
gravity is not increased but diminished at the highest 
points. The water rises until gravity and tidal force 
are balanced between the sides and the front and back 
of the earth by the water assuming the spheroidal form. 
The tide must fall back a long way from that position 
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for gravity to be materially increased upon it. But it 
the tidal spheroid has its flat side towards the moon 
gravity is increased ; for the contractive tidal force varies 
as the distance of the water from the eaHh's centre 
(p. 166) ; and the differential for'Ce, which acts against 
gravity under our two tidal moons, also Varies as the 
distance of that water from the centre, which is now a 
minimum ; therefore in both cases gravity is increased, 
in one directly and in the other indirectly. And high 
water will not stand at any intermediate place (inde- 
pendently of friction) for the following reason. 

Neither the differential nor the contractive forces 
draw the water either way at the four cardinal points 
at any moment, calling the one facing the moon S. 
and the others N.E.W. according to their relative 
positions, the moon going in the direction E.S.W.N. 
relatively to the eartli's rotation faster the other way. 
But the two forces together produce a tangential force 
towards S. which is greatest near the half quarters S.E. 
and S.W. ; and on the back side of the earth, where the 
other imaginary half of the moon is, there is a similar 
pair of tangential forces towards N., greatest at N.E. 
and N.W. Therefore no head of a wave can lie at 
any of those intermediate places, because it would be 
immediately pulled forward by the tangential force, 
which is there unbalanced by any other, since gravity 
at the top of a wave does not urge the particles one 
way more than the other. Consequently the prolate 
spheroid must not only fall a long way back from the 
moon as I said, but must fall back the whole 90°, and 
lie at E.W. — but for friction, which we will consider 
presently. Thus we see that the true theory of the 

N 2 
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tides leads to the apparent paradox that the moon's 
attraction — on the tide in motion — produces not high 
water under the moon but low. And this further odd 
looking result follows ; that the water, though not the 
wave, under the moon (and opposite) is always flowing 
backwards : for we saw that the water below the mean 
level bf an advancing wave flows backwards. There 
are other ways of proving that, independently of 
friction, there must be low water under the moon ; a 
geometrical one by the Astronomer Eoyal at p. 229 of 
vol. xxvi. of the R.A.S. * Notices ' is too long to copy here. 

Now let us consider the effect of friction, which of 
course tends to retard the advance both of the wave 
and the water. If the wave's head is at E., a cardinal 
point, there is no lunar tangential force, and gravity 
acts no more forwards than backwards a,t the top of a 
wave; but the particles of water are advancing with 
their greatest velocity there, and therefore with the 
greatest friction against them. Consequently that un- 
balanced force of friction would carry the wave head 
farther back, from E. towards N. But how far will 
it go ? Between E. and N. both friction and tangential 
force would urge it still backward, and gravity does 
nothing to help it forward; and therefore it cannot 
stay there. And we know it cannot be at N. for the 
reasons found above. But between N. and W. it can ; 
for there the friction acts backwards or towards W., 
while the tangential force always acts towards N. and 
S., and so the forces can balance each other there and 
produce equilibrium. 

Thus the head of the spheroid which statically 
belonged to S. facing the moon, has fallen back 225'' 
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through E. and N. to N.W^ and thereby the spheroid 
looks as if it had only fallen back 45^ by friction 
ckecording to the statical theory, and all the other 
apparent efforts upon the earth are the same. Or we 
may say that friction prevents the head of the wave 
from falling back from & to E. but only to S.E ; which 
is a more simple view of the matter. 

As the moon does not go round the oarth daily in 
the plane of the equator, but is above or below it 
except on some two days in the month, she generally 
pulls the tide obliquely, which makes it rather less 
than it would be directly. The average lunar tide or 
difference between high and low water is calculated 
under the wave theory to be barely 2 feet, and there- 
fore the solar tide will be nearly i ; which makes the 
spring tide nearly 3 and the neap only i foot in the 
open sea ; and this agrees with observation on solitary 
rocks in the ocean which impede and therefore raise 
the tide very little.* 

Retardation of the earth by the tides.— The 
friction between the water and the earth must affect 
the earth's rotation. Suppose the earth to be still, and 
the moon brought into action anew and dragging the 
water round ; it is evident that in time it would 
impart some motion to the earth in the same direction. 
And though it is not the water but the tidal wave 
which goes round with the moon, still the water does 
in some degree : as much must be always going forward 
as would fill up the difference between high and low 
tide. Ton may say that when you send forward waves 

* As at BockaU in the Atlantie, ^o milai off IieUmd.— ' Qallery of 
Nature,' p. 199 
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in a rope by shaking it at one end the rope does not 
go forward J but some air goes forward on that side 
of tte rope which you first move it to, and the rope 
only represents the surface of the wave. And as the 
earth rotates 27*32 times feister than the moon goes 
round it the friction of whatever water goes (or rather 
stays behind) with the moon must retard the earth's 
rotation. 

The tide is also said by some writers on the sub- 
ject to retard our rotation in another way — not that 
it really is another, for they both resolve themselves 
into friction. It is only another way of explain- 
ing the same result The tidal protuberances being 
always about 45^ behind our two imaginary half-moons 
are nearer to them than t]ie earth's centre is, and 
are therefore more attra^ted^ and so form a kind of 
handle or lever for the moon to hold the earth by, 
so far as the water is tq be considered part of the 
solid earth, which it is just so far as they are connected 
by friction, and in that way the moon's attraction on 
the tidal protuberances must retard the earth. 

This same aitt^action must act reciprocally on the 
moon, and we must coiisider now in what direction. 
What we called * behind* when we treated the earth 
as non-rotating, really means eastward of the moon, 
and that is hefore her when we consider her real motion 
eastward round the earth* ai^d not round any place on 
the surface of the earth, which by rotating faster makes 
the mooa appear to go the other way. Consequently 
this reciprocal force tends to pull the moon forward in 
her orbit, i.e. to increase her centrifugal force, and 
therefore her distance from the earth, and therefore 
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lier period^ and therefore is practically a retarding 
force as regards her revolution round the earth.* 
This must in some unknown degree diminish the moon's 
* secular acceleration/ which we shall consider presently^ 
and shall find to be compounded of a real acceleration 
of the moon and a real retardation of the earth's rota- 
tion, making together an apparent acceleration of the 
moon twice as great as is due to the one cause (different 
Irom this) which can be estimated. 

No Centrifugal Tide. — ^I had better notice here a 
sort of tidal paradox which a very great mathematician^ 
who explained it to me, confessed had puzzled him 
when he was learning astronomy. It seems as if the 
centrifugal force round the centre of gravity of earth 
and moon ought to throw the water outwards on 
the side of the earth farthest from the moon, which 
we called N before and which is nearly 7000 miles 
beyond G (p. 125), just as centrifugal force enables you 
to swing round a bucket full of water if you do it fast 
enough. In order to measure such a tide (if it existed) 
I must tell you that centrifugal force = radius x 
(velocity of rotation)*. Velocity (whether linear or 
angular, as this is,) is always reckoned per second, as 
all forces are ; and so this velocity is 360° or 6*283 -:- 
the seconds in a sidereal lunation, which are 2,360,680 ; 
and we may call the radius of rotation 7000 x 5280 
feet, gravity being always reckoned in feet per second, 
viz., 32*2. From this you may easily find that this 
centrifugal force would be about a 127,000th of gravity, 

* The Astronomer Bojal, in the paper above referred to, professed 
himself quite unable to say how much it may amount to, and it must 
be Impossible to estimate the effect of such friction directly. 
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which 18 above 30 times the greatest tidal force of siin 
and moon together (p. 169). So that if this force 
really existed, a great part of England and Europe 
would be submerged by this tremendous tide daily. 

But in fact it does not exist ; or rather, there is no 
more centrifugal force at N than anywhere else on the 
earth or at its centre E, and that is the general 
centrifugal force which balances the moon's attraction, 
just as that in our much greater orbit round the sun 
balances his attraction. This, in short, is only another 
branch of the rotation fallacy. The earth's rotation 
is round E, not Gr, and must be excluded altogether in 
considering this question; and so excluding it, the 
line EN always keeps parallel to itself while E goes 
round G in the month ; or N and eyery other place in 
the earth describes a circle of exactly the same size as 
E does. Consequently there is no excess of centrifugal 
force anywhere, and no tendency to throw the water 
outwards, any more than from our motion round the 
sun, which gives us a cenfrifugal force 74 times as 
great as the centrifugal force of every part of the 
earth round an axis through the c. g. of the earth 
and moon, and would therefore produce a still more 
tremendous tide, if it produced any. 

DISTURBANCES OF THE MOON'. 

There is scarcely one element of the orbits of the 
planets or their moons that is not subject to continual 
disturbance, by the attraction of every other body which 
is large enough and near enough to affect them sensibly. 
All these disturbances in one way or oth^r ultimately 
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compensate themselves : some of them first moying the 
body, or its orbit, a little in one direction, and then an 
equal distance the other way : others producing reces- 
sions or advances of nodes or apsides, which in time 
work round ; and there is one remarkable acceleration 
of the moon, which has such an enormously long period, 
that it may be said to increase perpetually, though the 
time will come for it to change. It is quite beyond the 
scope of an elementary book like this to describe all the 
inequalities (as they are called) of the moon alone, to 
say nothing of the planets. Here and there I must 
notice a few of them, as I have already precession and 
nutation — a disturbance upon a disturbance of the 
earth. The following are the most important Iimar 
disturbances, which are explained in somewhat different 
ways, and at greater length, in Herschel's Astronomy, 
Airy's Gravitation, and Newton's Principia, where the 
problem was first solved. I think Airy's explanation 
much more perspicuous than Herschel's ; but nothing 
of that kind can be easy. They are also explained in 
another slightly different way in Proctor on the 
Moon. 

Moon's Secular Acceleration.— We saw at p. 53 
that the minor axis of the earth's orbit was less, or 
the eccentricity greater, 20,000 years ago than it is 
now ; and the minor axis will increase for 24,000 years 
yety while the major axis remains unaltered. 80 
the sun's average (but not mean) distance from the 
earth and moon increases, and his power to disturb the 
moon decreases. Now let us see what that disturbance 
does. The sun attracts the new moon more than the 
earth, and the full moon less. Because of their difference 
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of distance : therefore at both syzygies (as the places of 
new and fall moon are called) the sun's differential 
force practiciilly dimmishes the earth's attraction on 
the moon. When they are equidistant from the sun 
he draws them closer together, as you would two 
separated balls by pulling them with strings of equal 
length. . But this contracting force may be proved to 
be only half as great as the differential force, as in the 
similar case of the tides (p. 169). At intermediate 
places both forces are evidently less; and at certain 
points nearer quadrature (or half-moons) than syzygy 
they balance each other. Therefore on the whole the 
differential force greatly preponderates, and weakens 
the earth's attraction, and so enlarges the moon's orbit; 
and therefore her time of performing it is longer than 
if there were no sun. But as his power of thus retard- 
ing the moon decreases with the increase of his average 
distance, she is comparatively accelerated the 833rd 
of a second a year^ which accumulates to 12 sec. in a 
century by arithmetical progression. And she gets 
nearer the earth about an inch a year, or 8 feet in 
a century, as stated by Professor Adams in the K.A.S. 
'Notices,* XX. 228. 

The Annual Equation. — ^As this retarding force is 
greatest in winter, when the sun is nearest (p. 50), the 
moon falls most behind her mean place in April, after 
half a year's excess of retardation, and similarly gets 
11' 12" before it in October. This is called the Annual 
Eqiuxtion; but the mean place here referred to is the 
mean elliptical place, which is found by applying the 
equaiion of the centre (p. 5 1) to the mean place which 
she would have if she moved in a circle. Its greatest 
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amoant is 6"^ 18", which is equivalent to I2h. 241x1. 
since the raoon goes very nearly i" in 2 seconds. 

But now comes a most remarkable result of the latest 
investigation of this small advance of the moon : which 
is apparently not the 12s. just now mentioned, but 24. 
From one cause or another she is always 24s. or 12'' 
past the meridian at the time when she would just be 
there if she had kept her mean apparent velocity of 
100 years before. This was first ascertained by Halley 
in 1693 from a comparison of old observations^ but 
not acconnted for until Laplace explained it as I 
have described, nearly a century afterwards* And 
all the astronomers who followed him considered his 
calculations complete ; though calculations of this kind 
are only approximate, and made on the principle of 
taking into account all the quantities which are not too 
small to be appreciable. But Mr. Adams, taking up 
the matter afresh in 1853, discovered that they had all 
disregarded something which was large enough to 
reduce the accelerating effect of the increase of the 
minor axis of the earth's orbit by one half. Thus half 
of the observed acceleration was again left unaccounted 
for, and where is it to come from ? 

Laplace's calculation, with some later corrections 
for other disturbances, appeared to account so well 
for the long observed acceleration of the moon that 
Adams's impeachment of it seemed an unnecessary 
disturbance of what was comfortably settled. Le 
Verrier, Hansen, and the foreign astronomers generally, 
except Delaunay, insisted that he was wrong. But 
they had eventually to admit that he was right, 
and that this apparent concurrence of theory and 
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facts was due to an accidental compensation of errors, 
Le. of two overlooked causes in opposite directions. 

Then came the suggestion that the required cause 
was to be found in the retardation of the earth's 
rotation by the tide (p. i8i), and Delaunay calculated 
its probable amount ; though in a case of such compli- 
cated fluid friction it is difficult to believe that any 
calculation of exact amounts can be relied on. The 
Astronomer Eoyal, in the paper (in B.A.S. * Notices,' 
vol. xxvi.) before referred to, thought he had demon- 
strated that the tide can produce no such effect ; but 
he afterwards wrote an * addendum' to it, saying that 
he found it did. Indeed the conclusion is as evident 
without mathematics as with them, when once it has 
been suggested. 

There still remains however the element of uncer- 
tainty described at p. 182, in the unknown amount of 
retardation of the moon by the same tidal action which 
retards the earth's rotation. All that we know for 
certain, by comparison of old and modern observations, 
is that the total apparent lunar acceleration is 24 sec. 
(of time) in a century, and that 12 of them are due 
to the diminution of the sun's average attraction on 
the moon by the increase of the minor axis of our 
orbit. The other 12 must consist of some unknown 
quantity, more than 1 2, due to the earth's rotation, 
diminished by some other unknown quantity due to 
the reciprocal tidal retardation of the moon. 

If we disregard this last effect as unappreciable, 
the result is that any meridian, treated as a hand of 
the earth clock (and all our clocks only represent 
the earth's rotation), Would be 12 seconds slow at the 
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end of 100 years by a clock which had gone uniformly. 
If yon wish to know how much a day the earth must 
lose to produce this result, you must remember that 
the daily loss accumulates by arithmetical progression 
into this loss of 12 sec. in a century ; and that makes 
the daily loss the 57,ocx>yOOOth of a second; which 
(by simple addition, not arithmetical progression) 
makes the day a 62nd of a second longer now than 
it was 2500 years ago. 

By the rule given at p. 112 for a long arithmetical 

progression you may practically say that the effect 

in 25 centuries is 625 times that in one century; 

and therefore the real and apparent advance of the 

moon from both causes together has accumulated to 

2^9 or 4 times her own diameter, or 4 hours, in 2500 

years. And that might make a difference of 4' hours 

or 60° of longitude in the places which would see a 

total eclipse. The acceleration of the moon, reckoning 

forwards, is of course a retardation of the moon or 

diminution of her longitude at any given time long 

ago; and in like manner the earth's rotation must 

be quickened backwards. Suppose that without either 

kind of ' secular acceleration ' there would have been 

a total solar eclipse at noon in London exactly 2500 

years ago, reckoned in hours of the present length ; 

then in fact the moon had not reached conjunction 

by 2 hours or 1° of her longitude, and London had 

passed the sun or the sun had passed the meridian 

2 hours, and had passed it 4 hours by the time the 

moon reached the line of conjunction or of mid-eclipse ; 

so that London probably saw no eclipse, as a total one 

cannot last 3 hours in this latitude all across the earth. 
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This sort of calculation however has to be modified, in 
a way that cannot be attempted except by the most 
skilfnl persons with the best lunar tables, for the 
variation of the place of the moon's node, which 
depends on the length of a Innation and on her own 
longitude, and it may have prevented any total eclipse 
anywhere just then ; and the moon's distance may 
have been affected too, so far as to convert a total 
eclipse into an annular one, or vice verm. And all 
these effects might be greater or less according as less 
or more of the apparent secular retardation (backwards) 
is due to the real retardation of the moon or to the 
acceleration of the earth's rotation. 

Mr. CroU has pointed out another permanent effect 
of the tides on the moon herself.* The solar tide wave 
must retard the motion of the earth round the centre of 
gravity of the earth and moon, in the same way as the 
lunar tide retards the motion of the earth round its 
own centre of gravity, and must therefore gradually 
dimmish the distance of the moon. For if the earth's 
rotation took a month, the lunar tide would only be a 
stationary and therefore invisible elevation of the water 
in one place ; but the solar wave would move round it 
in the month in consequence of the earth's monthly 
revolution round the joint centre of gravity ; and that 
must destroy some of the force of that motion, or of 
the earth's centrifugal force round that c. g. The 
moon is not directly affected thereby, but the earth is 
brought nearer to the c. g., and therefore their distance 
is diminished, and their orbit round the joint c. g. made 
smaller and therefore quicker. I do not know that any 

* In the ' PhiloBophical Journal ' of August 1866. 
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calculation has been attempted of the amount of these 
disturbances, and it must be much less than the others 
which we have been considering. 

Measure of the disturbing forces.— We can easily 
calculate the proportion which the differential and 
contractive forces bear to the ordinary earth-force on 
the moon, at the places where they are each greatest, 
i.e. at syzygies and quadratures respectively. The 
earth's force on the moon is the mass of earth + moon, or 
earth x i'Oi23, divided by the square of their distance, 
as we want to consider the earth at rest (p. 24). The sun's 
mean distance is about 385 times the moon's, which we 
will call d for shortness, and we want to see how d affects 
the results. Then the difference between sun's attraction 
on new moon and earth is the difference between 

sun , sun i_. 1 1 

?~8T3T^ ^^ i R d W^ which, by a common sum m 

fractions, is J ^ o tt, which again, multi- 

' 147,456 X 148,225^^' ^ 

plying the numerator and denominator by d, very 

nearly = , ^ ^ -.3-, as you will find by trial. But the 

sun is 318,740 times as heavy as the earth and moon 

together ; and substituting that figure for * sun ' you will 

find the differential force is to the earth's attraction, 

or (earth + moon) -r- d^ as i to Sg'S. In like manner 

the differential force at fuU moon is the difference 

, s un , sun 771 sun 

r>etween ^g^, ana ^^^^^y = __^____^^ 

= . ■ ^ ^ , ^3 very nearly; which, with the same figure 
for the sun, makes the proportion of the differential 
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force to the earth's attraction i to 90*2. But when 
we haye.no need to distinguish them they .are both 

treated as — > which we shall see presently is neces- 
sarily for another reason very near the mean value of 
the disturbing force at syzygies. 

You will see the consequences of this slight excess 
at new moon over full presently. But you have here 
the proof that the diflferential force varies inversely as 
the cube of the sun's distance^ and directly as twice the 
difference of distance of the earth and moon : all which 
is very like the case of the tides. Similarly we should 
find that the contractive force, which is half the 
differential when they are both at their maximum, ,is 
measured by the distance of the moon sideways from 
the line of syzygies, divided by the cube of the sun's 
distance. And the disturbing forces at all inter- 
mediate places bear some fixed proportion to the 
differential force, according to the position of the 
moon, and .therefore that is the ultimate measure of 
them all. 

It may seem odd, but it is the fact, that the magni- 
tude of the sun's mean disturbing force on the moon 
depends on the proportion of the length of the year 
to her sidereal month of 27*32 days, which proportion 
is I3'37, and the square of that is very nearly 179. 
This is no accidental coincidence, but a necessary result 
of the law of gravity, which we shall see afterwards makes 
the square of the period of any moon or planet = 47r* 
(or 391s) X the cube of the distance of the * primary ' 
round which it goes, divided by the mass of the 
primary. Call the sun's distance D as we called the 
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moon'g d. Then the differential force is to earth's 

force as yp to -jt"* ^^ (dividing both by d) as 

2 sun earth 21 ^ year* 

-Dr-to-j3-,ora8^^to^5jjjp,ora92toi^^, 

i. e. as 2 to 179. But it is an accidental coincidence 
that the sun's attraction on the earth is nearly 179, 
Tiz. 176*69 times the moon's. 

Since the differential force, which diminishes the 
earth's attraction, varies from o at quadratures to —^ 
at syzygies, its mean is a 179th; and the mean of 
the contractive force acting the contrary way is half 
as much ; and therefore the earth's attraction is re- 
duced a 358th on the whole. As the moon's period* 
is inversely as the attraction or mass of the earth, any 
smdU decrease of that produces half as much increase 
of period; or the moon's period is lengthened a 716th 
by the sun — assuming her mean distance to remain the 
same. Whether it would or would not be increased, 
or diminished, by the imaginary abolition of the sun's 
attraction, depends on the relative position of the three 
bodies at that moment* 

Tangential and radial forces.— Now let us see what 
else the differential and contractive forces do, besides 
this lengthening of the period, subject to the small 
secular diminution of it. As both forces are acting 
at every part of the orbit except syzygy and quadra- 
ture, where they alternately vanish, they must combine 
to produce a resultant force in some direction between 

* I have to thank Professor Adams for more information than I can 
use here on this point, which is either evaded or treated very imper- 
fectly in aU the books I have consulted. 

O 
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them, as two winds blowing across each other would 
send a ship in some diagonal course between them. 
As the differential force always acts from the line of 
quadratures (QQ in the figure at p. 199), and is pro- 
portional to twice the moon's distance there&om, it 
accelerates her from quadrature to syzygy and retards 
her from syzygy to quadrature. And as the con- 
tractive force always acts towards the line of syzygies 
SS, and is proportional to the moon's distance therefrom, 
it also accelerates her towards syzygy and retards her 
after syzygy. Thus a part of both these forces, when- 
ever they both exist, is always resolved into a tangential 
force, which accelerates before syzygy and retards after 
it ; and the rest is resolved into a radial force, which 
acts with the earth's attraction for 35^ on each side 
of quadrature, and more strongly against it for 55° 
on each .side of syzygy. At 55° from syzygy they 
balance each other, and the radial force vanishes; 
but the tangential force is greatest half way between 
syzygy and quadrature, at the places called octants; 
and there it amounts to | of the differential force 
at the adjacent syzygy: but this cannot be proved 
here. 

You will easily see that the sun is really a little 
farther from the moon than the earth at true quadra- 
tures or 90° from syzygy. But the difference is only 
4^\ the angle corresponding to half the moon's dis- 
tance divided by the sun's ; which is too small to affect 
any calculations that can be given here ; and so is the 
inequality arising from the sun's force in the place of 
the moon's orbit being rather less according to her 
distance from the ecliptic, where she never is except 
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at the nodes. In the figure at p. 199 I have marked 
the forces with arrows according to their directions, 
and I have given the radial force at syzygies two 
arrows, because it is double of that at quadratures, 
except so far as they all vary with the moon's distance 
from the earth : e.g. the tangential force at A (say) 50"* 
after S^ exceeds the tangential force at P 50^ after Si 
as much as E A exceeds EP. 

Variation. — This constant acceleration iq) to syzygy, 
and retardation after it, makes the moon alternately 
35' 42" y or rather more than her own widths before and 
behind her mean longitude; and this is called her 
variation. You would probably expect it to carry her 
farther away from the earth at syzygy than quadrature. 
But it does just the contrary. For the moon going 
fieuBtest at syzygy, from a cause different from the 
earth's attraction, is least drawn out of her forward 
course by the earth and goes farther on towards 
quadrature; and so the orbit becomes an oval with 
its sides at syzygy and its ends at quadrature, and the 
minor axis a 70th less than the major (supposing the 
undisturbed orbit to be a circle). But you must not 
confound this secoiKlary oval, having the earth in its 
centre, with the much more elliptical general orbit of 
the moon, having the earth at the focus, of which this 
is only a disturbance. 

Parallactic inequality, — ^We saw just now that both 
the differential and contractive fbrces, and therefore 
their resultant tangential force, are a little greater 
on the Bear side of the orbit than on the far mde. 
Consequently tho 'variation' at new moon exceeds 
that at full moon by 2' 6\ This difference evidently 

o 2 
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depends on the proportion of the moon's distance to 
the snn's; which may be more exactly proved as 
follows. If you work out the calculation at p. 191 
completely, keeping the moon's distance as d, but in- 
creasing the sun's to 400 d, as it used to be rcickoned, 
and increasing his mass to 357,050, in proportion to 
the cube of the distance, you will find the average 
disturbing force the same as before, but the difference 
between its two extremes a little less. And with some 
trouble you might find that this difference of the dif- 
ferential force at full and new moons = 6 x sun's mass 
(in each case) divided by his distance^ (or distance x 
cube of distance). But since the mass bears a fixed 
proportion to the distance^ that leaves this inequality 
to vary inversely as the sun's distance, as his parallax 
does. Hence it is called the parallactic inequality. 
It is in fact the variation of * the variation.' And this 
alone of all the disturbances gives any measure of the 
sun's distance. Its observed excess over the amount 
due to the sun's old distance first led the late Professor 
Hansen of Gotha in 1854 to think that the distance 
had been over-rated; which was afterwards proved 
by other means to be so (see p. 85). 

Subject to this small difference of 2', the * variation ' 
compensates itself in opposite halves of the orbit — 
provided the two halves are alike in the long run ; 
but they are not, for there is a gradual decrease in 
the moon's mean distance, as explained at p. 186; 
and this is the cause of that error in Laplace's calcu- 
lation of the secular acceleration discovered by Adams 
in 1853. I am not aware that any non-mathematical 
exphmation of it can be given. 
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The advance of the apsides may be shortly proved 
as follows. It is only necessary to remember first, 
that the sun's disturbing force on the whole weakens 
the attraction towards the earth« 

The undisturbed apogee is the place where the moon 
would begin to moye towards the earth if there were 
no sun ; but if the earth's attraction is weakened there 
it cannot pull the moon round the comer so quickly, 
and she will carry the apse along with her a little. 
At perigee she begins to leaye the earth again ; but 
if the earth's attraction is weakened there, she will 
begin to leave sooner than she would otherwise; or 
that apse comes sooner, or recedes. But these opposite 
effects by no means balance each other ; for the dif- 
ferential force varies as the moon's distance from the 
earth, which is about a 19th greater at apogee and a 
19th less at perigee than at mean distance. Besides 
that, the earth's attraction is itself about a 9th less at 
apogee and a 9th greater at perigee than at mean 
distance: and we foimd at p. 193 that the mean dif- 
ferential force is a 179th of the earth's mean attrac- 
tion. Therefore in the long run the differential force 
diminishes the earth's actual attraction at apogee by 

30 10 I iLxx • 1I88 I I 

— x — X — =-^ but at perigee only — x- x — = — 

whenever the apses are in syzygy and the effect of the 
forces in disturbing them is greatest. The effects of 
the contractive force must be opposite to those of the 
differential force ; but as we saw at pp. 168, 192, they 
can be only half as great. Therefore on the whole 
the advance of the apses preponderates over their 
recession. 
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The sun then would drive the apses forward even if 
he stood still ; for we have said nothing yet about his 
motion. But he goes round the earth the same way 
as the apses, and therefore drives them faster. He 
also stays in company with a progressing apse, keeping 
. up its progress, longer than with a receding apse which 
he only meets> and thus makes them progress still more. 
And though the tangential force is balanced on each 
side of any diameter of the orbit, and therefore does 
not advance or retract the apses directly in the long 
run, yet whenever it advances them it keeps them 
longer in company with the sun, and vice versa ; and 
thus indirectly it augments the effects of the radial 
force. And by these two causes the advance of the 
apses is made twice as great as it would be without 
them, viz., 3"^ in a sidereal lunation. In the same way 
the apses of the earth's orbit are carried round by the 
attraction of the exterior planets; but in 110,880 years 
instead of 9, as their disturbing force is much weaker. 

Change of eccentricity. — The sun also disturbs the 
eccentricity of the moon's orbit. In this figure (next 
page), which I have described already at p. 194, P and 
A are perigee and apogee for this one position of the 
orbit, or of syzygy and quadrature with respect to 
perigee and apogee : other positions would want other 
figures, but this will serve our purpose. 

I. When the moon is at the syzygy Si she is ap- 
proaching perigee, or the radius vector is decreasing ; 
but the radial force there acts against it and tends to 
keep the radius from shortening so much, and there- 
fore makes the orbit less eccentric (p. 49). At the 
opposite syzygy 82 the radius is lengthening, and the 
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radial force tends to lengthen it still more, or to in- 
crease the eccentricity. We must see then which pre- 
vails. At S2 the moon is farther off, and going slower ; 
and so the disturbing force is both greater and has 
a longer time to act (p. 192) : therefore the increase 
of eccentricity prevails thus 
far. ^oot<»jEf^^. 

2. At Qi the radius is 
lengthening, but the contrac* 
tive radial force acts against 
it, and therefore diminishes 
eccentricity. At Qa, after 
apogee, the radius is shorten- 
ing, and the contractive force 
helps to shorten it and therefore increases eccentricity. 
And Q9E is greater than QiE, and therefore again 
the increase prevails. At these places there is no 
tangential forca 

3. The tangential foree, retarding from syzygy to 
quadrature, diminishes the moon's velocity at P, and 
therefore diminishes her centrifugal force, or power to 
fly farther off from perigee, or to increase her radius 
vector; and so the eccentricity is diminished by the 
tang^atial force at P. But it is increased by the 
tangential force retarding the moon at A and weaken*- 
ing her power to resist the earth's attraction, which, 
shortens her radius faster than if she moved quicker 
and had more centrifugal force there. And the force 
is both greater and acts longer at apogee than perigee; 
so again the eccentricity is increased. At intermediate 
places near Q2 and S^ the effects of the tangential force 
balance each other pretty nearly. 
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The result is that all the disturbing forces increase 
the eccentricity when the moon has to pass through the 
apses before quadrature and after syzygy. You may 
easily infer that the eccentricity is diminished when 
she has to pass the apses after quadrature and before 
syzygy. And when they lie in either syzygy or quadra- 
ture tiie forces balance each other and do not disturb 
the eccentricity. Nevertheless it is greatest when the 
apses are in syzygy and least when they are in quadra- 
ture. For those places move round the earth with the 
sun in a year, while the apses take nearly 9 years to 
reyolve in the same direction ; therefore Si is approach- 
ing P whenever they are in the position of this figure, 
in which the eccentricity is increasing ; and it goes on 
increasing till syzygy has reached the apse, and con- 
sequently it is greatest then, or soon after (see p. 
174). Similarly it is least with the apses in quadrature. 
And on the whole it is half as great again with the 
major axis in syzygy as in quadrature. 

Eyection. — The variation of eccentricity and the 
irregular motion of the apses produce together the 
largest and earliest observed of all the lunar inequali- 
ties ; which was called Evection, or the carrying away 
of the moon from her mean elliptical place by as 
much as i"^ 20' alternately backwards and forwards ; 
making her oscillate through 5 times her own width 
in the time of the sun's passing perigee twice, or 
about a year and 6 weeks. Consequently it depends 
on, or (speaking mathematically) is a fimdion of, the 
difierence of longitude of sun and moon, and also of 
the true anomaly or moon's distance from perigee, on 
which the motion of the apses depends. 
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Becession of the nodes.^In all these cases of 
disturbance the orbit that we speak of as if it were a 
ring capable of being moTed, is due imki/ntaneom dUpse, 
which the moon would go on describing thereafter if 
the disturbances were stopped. The recession of the 
nodes of her orbit on the ecliptic is caused by the 
attraction of the sun on the moon, exactly as the pre- 
cession of the equinoxes, or nodes of the equator and 
ecliptic, is by the attraction of the sun and moon on 
the equatorial protuberance of the earth, which may be 
considered a ring of satellites stuck together. Here 
we have only the motion of one satellite to consider. 

But the effect of the sun and moon's attraction on 
the equatorial ring or 'elliptical excess' in causing 
precession is much less than it would be if there were 
not a sphere many times heavier inside, which has to be 
dragged round with it in giving the twisting motion to 
the earth's axis. The bulk of the elliptical excess is 
a 149th of the whole earth (an oblate spheroid and the . 
sphere within it being in the proportion of the squares 
of their different axes): but the outside is not half 
as dense as the inside (p. 36) ; and therefore the mass 
of the whole earth is probably above 300 times that of 
the elliptical excess. Again, that is not really concen- 
trated into a ring, but spread over the whole surface 
from 13 miles thick at the equator down to nothing at 
the poles. Moreover the forces which produce all the 
disturbances vary as the distance between the two at- 
tracted bodies, and the moon is 60 times farther from 
the earth's centre than the equator is. From all these 
causes together the nodes of the earth's equator recede 
1390 times slower than those of the moon's orbit 
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I. As the sun occupies all sorts of positicms with 
respect to the nodes during a year (or rather less, since 
the nodes revolving backwards meet the sun again in 
346*607 days) we must consider them in succesrion. 
First let' us take the nodes in quadrature. Then the 
tangential force urges the moon forward as she rises 
to syzygy and to her greatest latitude from the ecliptic. 
Besides that, there is always a force towards the ecliptic, 
as the sun's differential force is always trying to pull 
the near side and push the far side of the moon's orbit 
down to the ecliptic, except when he is himself in the 
line of nodes and therefore in the plane of the moon's 
orbit. This is called the resolved force of the sun 
towards the ecliptic. 

Now if the moon's apparent path in the heavens, 
rising from the ecliptic and coming down to it again, is 
opened out into a flat picture, as at p. 72, it will look 
like the path of a stone or a ball shot from the ground 
at an angle of 5°, and coming down to it again at the 
same angle, the place of falling corresponding to 
the next node. But that disturbing force of the sun 
which acts towards the ecliptic is the same as if a 
wind blew down upon the ball; and the effect of 
that would manifestly be to make it reach the ground 
sooner, or the node to recede. Also while the ball 
is rising, the downward force would evidently keep 
diminishing the angle of inclination of its course; 
but would increase it while falling ; and so, the incli- 
nation would end as it began; though the moon or 
the ball has not risen so high above the ecliptic or 
the earth, nor gone so far, as if the disturbing force 
had not- acted. 
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The tangential force, which always urges the moon 
forward from quadrature to syzygy, tends to postpone 
her arriyal at the next node, and also to make her 
course straighter or the inclination of the orbit less ; 
bat the same force acts the contrary way from syzygy 
to the next quadrature and node, and so those two 
balance each other. 

2. Next let the nodes be in the line of syzygy. As 
the sun is th^i in the plane of the moon's orbit, he 
plianly can do nothing towards pulling or pushing the 
moon out of her orbit, or altering either the nodes or 
the indination. And from these two cardinal positions 
of tiie nodes we may conclude, that as they recede 
through the whole lunation in one case, and never ad- 
vance in the other, they must on the whole recede, even 
if they advance a little in some intermediate position. 

3. But we may as well complete the inquiry by 
seeing what happens when they are neither at quadra- 
ture nor syzygy; and first, let each node be after 
quadrature. Then as the moon comes down to node 
from quadrature, towards the sun, he pulls her forward 
out of the course she is taking, and so makes the node 
advance, ie. makes her reach the ecliptic later. In 
the opposite quarter of the orbit, the force acts 
similarly, and there also makes the node advance. 
But in iJie rest of the orbit the disturbing force is 
towards the ecliptic as before, and therefore makes 
the nodes recede. 

4. Lastly let the nodes be before quadrature and 
after syzygy. Then while the moon goes up from node 
to quadrature, leaving the sun, he also pulls her back, 
which makes h^ course less parallel to the ecliptic, aa 
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a head wind would make the course of a ball, while 
rising, still less parallel to the earth : and that post^ 
pones her arrival at the next node, or makes it adyance. 
And the same things happen in the opposite quarter, as 
usual. But in the rest of the orbit the force is down- 
wards, or towards the ecliptic, and so the nodes recede. 
Therefore on the whole, as the nodes cannot adyance 
through more than two quarters of the orbit in any 
lunation, or through more than half that quantity on 
the ayerage, and recede in all the rest, our former 
conclusion was right, that the recession greatly pre- 
ponderates. 

If we followed the inclination also through the two 
last cases, we should find that it is diminished when 
the nodes are in the third position, but increased when 
they are in the fourth, and therefore is not altered in 
a complete set of lunations, when the nodes and sun 
haye gone all round each other, except by the minor 
disturbances beyond the scope of this book. 

Sir J. Herschel said (' Outlines,' p. 524) that Hansen's 
discoyery in 1^47 of two lunar disturbances due to 
Yenus ^ accounted satisfactorily for her only remaining 
material difference between theory and obseryation,' 
i.e. after the ^ almost innumerable ' multitude of others 
preyiously known; and we must add, subject to the 
subsequent corrections of Adams and Delaunay aboye 
mentioned. One of them is caused by the yariation 
in the distance of Yenus through the eccentricities of 
her orbit and the earth's; and that accelerates the 
moon for 136 years and then retards her for another 
136, reaching a maximum each way of 15" according to 
Hansen's latest figures. The other is due to the near 
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coincidence of 13 years of Venus with 8 of the earthy 
which will be noticed afterwards. He calculated that 
that accelerates and retards the moon for periods of 
120 years alternately (which period will turn up again 
in the transits of Yenus), with a maximum of 23'' each 
way. 

J3ut this last conclusion has lately suffered a worse 
fate than Laplace's secular acceleration; for it has 
been reduced by recalculation, in several hands, to 
^ insignificance ;' and though the maximum was small, 
the loss of it is enough to produce discrepancies from 
which the Astronomer Boyal concludes that ^ there is 
still some serious defect in the lunar theory.' * This 
is another instance of the disturbance of an apparently 
comfortable agreement between theory and observation 
by the inexorable logic of mathematics — no doubt 
destined to be again set right by the discovery of some 
new disturbance of the moon, which would otherwise 
have remained unknown. 

* See B. A. S. * Notices' for Noyember 1873, and also p. 150 above. 
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CHAPTER IV. 

THE PLANETS. 

The earth is by no means the only body that goes 
round the sun. In the earliest times of astronomy it 
was observed that there were five stars unlike all the 
rest in their behaviour; apparently going round the 
earth (independently of their daily rising and setting) 
in longish periods, though with some irregular motions 
backwards and forwards, two of them taking a year to 
go round on the average * and the other three taking 
nearly 2, 12, and 30 years. (We have now two more, 
taking 84 and 165 years.) Those five wandering stars 
were therefore called planets. The ancients either 
named them after some of their gods, or their gods 
after them : for it is by no means clear which came 
first, the heathen mythology and worship of false gods, 
or the belief in the planets influencing the bodies 
and fortunes of men; the study of which is called 
astrology. I have no doubt that came first, for reasons 

* The apparent average periods of the two interior planets, within the 
earth's orbit, have no relation to their real periods round the sun, to 
whom they only appear as companions ; and therefore their apparent 
returns to the same stars only yary a little from a year, backwuxls and 
forwards. The eaOeri&r planets, which really go round the earth and 
its orbit, are not so affected, and their ayeruge apparent periods corre- 
spond to their real ones. The apparent retrogradation and standing 
still of all the planets sometimes will be explained afterwards. 
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which are not material to state here. The planets have 
still kept these old names, and no donbt always will. 
For the days of inventing names are gone for ever. 

The names of those fiye old planets are Mercary, 
Yennsy Mars, Jupiter, and Satam ; and the days of the 
week are still named after them, with the addition of 
the Son and Moon : either directly, as Saturday, Sun- 
day, Monday, or through the Saxon names for the 
others: thus Tuesday is the day of Mars (Tuisoo), 
Wednesday of Mercury (Woden), Thursday of Jupiter 
(Thor), and Friday of Yenus (Friga). It is singular 
that die planets were not assigned to the days either in 
the order of their distances or their apparent size. 

These five planets with the sun and moon were also 
the principal characters in that ^ host of heaven ' which 
the idolaters of old worshipped long before the Greeks ; 
some of whom took Paul and Barnabas for Jupiter and 
Mercury, and others worshipped an image of Diana, 
the goddess of the moon (Acts ziy. 12, and xix). The 
first Greek historian Herodotus says that the first 
Greek poet Homer, who probably lived about the time 
of the prophet Elisha, borrowed the names of Jupiter 
and most of the other Grecian gods from the Egyptians, 
who also practised astrology or divination by the 
planets, as the Ohaldaeans did (Herod. U., 4, 50, 53, 82). 
Baal and Ashtoreth were the gods and idols of the Sun 
and YenuSy and Chemosh probably of Saturn ; and we 
know that the people of Israel were threatened and 
punished for burning incense to Hhe gods of the 
nations,' Baal, the sun and the moon, *the queen of 
heaven,' and ' the planets and all the host of heaven.' 
The Egyptian worship of the bull is thought by those 
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who have inyestigated such things to have arisen in 
the time when the sun rose for the vernal equinox in 
Taurus, from 44cx> to 6600 years ago (see p. 76). 

Indeed no one who has inquired into both subjects 
can doubt that pagan idolatry was connected with the 
belief in the influence of the sun and moon and planets, 
and even the stars, on the bodies and affairs of men.* 
There is reason to believe that the things translated 
graves in some passages of Scripture, which were ^ built ' 
and ' set up on every high hill and under every green 
tree,' and carried out of the house of the Lord by king 
Josiah and burnt, and therefore certainly not groves of 
trees, were wooden machines representing the planets 
and their apparent motions,t and used as images of the 
powers then supposed to rule the world, rather than 
the Lord who made the heavens and all the host of 
them, and will one day ^ make new heavens and a new 
earth wherein dwelleth righteousness.' 

When Copernicus found out that the earth goes 
round the sun, he found the same of the planets also ; 
in other words, he discovered that the earth is one of 
the planets. And as I said before, people were at last 
driven to acccept his theory or explanation of the 
planets' motions by finding that no other would account 
for them ; for the planets would not appear where they 
ought according to any of the other theories. But it 
was long before the reason of their motions was dis- 
covered, or even the full number of the planets. Sir 
Isaac Newton knew of no more than the five old ones 
and the earth, because the telescopes of his time were 

* See Faber's * Origin of Pagan Idolatry/ &c. 
t See Landeeer'B * 8ab«an Researchee.' 
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not large enough, that is, did not take in enough 
planet-light at a mouthful, to show the smaller planets 
and the more distant ones which have been discovered 
within the time of people now living. Copernicus did 
not even get so far as to discover that the planets 
describe ellipses, although it was known to Hipparchus 
1700 years before that the sun is not always at the 
same distance from the earth, because his disc is larger 
at some times than at others. The elliptic motion was 
discoveredby Kepler soon after the year 1600, together 
with two other remarkable laws of planetary motion, 
which I will explain hereafter. But he, like Copernicus, 
only found that the planets observed these laws of 
motion as a fact. Newton found the reason for them, 
and proved that every planet round the sun, and every 
moon or satellite ro*und a planet, must observe them. 

The dimensions, weights, and motions of the whole 
solar system, which means the sun with its planets and 
their moons, are now considered to be as follows. 

I. The first planet is Mercury ^, 3Si million* miles 
from the sun at mean distance, and going round him 
in nearly 88 days. By * days * I mean our days, and 
not the planet's own days; for if we want to com- 
pare their periods or times of going round the sun, we 
must measure them all by days of the same length ; 
and you will soon see that there is no relation whatever 
between a planet's period or year and the length of his 
day or time of rotation. Indeed it is remarkable that 
the four nearest and smallest planets have days of 

* I give the more precise figures in the table at the end of the book 
where nothing turos on their precise amount. The figures have all 
been reduced from those in Herschers ' Outlines ' to suit the amended 
sun's distance, as explained at p. 85. 

P 
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nearly or exactly 24 hours, and the fonr lai^est, which 
lie beyond a great gap in the system, have mach 
shorter days, so far as is yet known. 

His diameter must now be called 3070 miles ; and 
80 he is not quite 3 times larger than the moon, but 
more than 5 times as heavy, because he is rather denser* 
than the earth (1*144), which is 17*17 times as large 
as Mercury, but only 15 times as heavy. The sun is 
nearly 5 million times as heavy. But though Mercury 
is so small, he turns on his axis slower than the earth, 
his sidereal day being 5^ minutes Icmger than ours. 
He is always so close to the sun, never more than 29° 
off, that he is difficult to observe accurately, and can 
never be seen except as a ' morning or evening star,' 
just before sunrise or after sunset. 

Mercury's orbit is the most inclined to the ecliptic of 
any (7°) and also much the most elliptical, the eccen- 
tricity being '2056; and therefore his greatest distance 
is '4666 and his least '3075 times our mean distance* 
But even this great eccentricity only makes the axis 
minor about one 50th less than the major (see p. 48). 
I said that the earth moves through space 65 ,942 miles 
an hour ; but Mercury goes much faster, viz., 105,720, 
or nearly 30 miles a second on the average, but 35 at 
perihelion which is 28 million miles from the sun, and 
23 at aphelion which is 42 millions, calculated as I 
explained for the moon at p. 148. 

The apparent ike of the sim's disc to a planet, and 
the light and heat received there, vary inversely as the 

* The density is compared with the earth's by simply dividing the 
mass in the 6th column of the table by the bulk in the 5 th, and the 
specific gravity by multiplying that quotient by 5*5 the earth's sp. gr. 
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square of the distance ; but the apparent diameter of the 
disc varies inversely as the distance only. And as the 
sun's apparent diameter here is 32', you will easily 
calculate that at Mercury it varies from 1° 38' to 2^29', 
and that the apparent size of the sun, and the light and 
heat, are from 5 to nearly 11 times as much as they 
are here. The apparent diameter of Mercury to us of 
course varies still more, viz., from s" when he is beyond 
the sun, to 12" when he is between the sun and us. 

2. Venus 9f the next of the planets, has the most 
circular orbit of them all, its eccentricity being only 
•007, and the semiaxis minor only 1600. miles less than 
the major ; which is 66J million miles, or 7233 of our 
distance from the sun. Her period is 2247 days, and 
her sidereal day 39 minutes less than ours. The orUt 
is inclined to the ecliptic 3° 23'. Consequently she 
travels about 77,500 miles an hour, and the sun's ap- 
parent diameter there is 44', and he appears nearly 
twice as large as he does here. The diameter of Venus 
is 7824 miles, or a little less than the earth's ; but she 
weighs one fifth less than the earth, and only a 401,840th 
of the sun, her density being only '83 of the earth's. She 
gets twice as much light and heat as we do ; and in fact 
her brightness prevents her from being so well observed 
as some of the more distant planets. It has been ascer- 
tained by experiments that Venus is ten times brighter 
than the brightest part of the fall moon. Mercury on 
the contrary is a very dull reflector, being not near so 
bright as Venus, though twice as near the sun. They 
both have atmospheres, because light is refracted in 
passing by them. The brightness of Venus has prevented 
us from ascertaining how much her axis leans^ortha 

?2 
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amount of her spheroidicity. Probably it is much the 
same as the earth's ; but the axis is thought to lean very 
much more. Gravity at her surface is less in the same 
proportion as her mass, the distance of the surface 
from the centre being practically the same as here. 
Her apparent diameter is as little as gi" when she is 
on the other side of the sun^ and as much as 6i" when 
she is nearest to tlie earth. 

Venus like Mercury never appears tax from the sun : 
47^ is the greatest angle, or apparent distance, called 
the dongaUony ever made by the lines of sight from us 
to the sun and Venus. Consequently she never appears 
but as a morning or an evening star, rising a little 
before or setting a little after the sun; but she is 
sometimes visible by day, even without a telescope. 
When Venus and Mercury are nearer to us than the 
sun, they appear as -crescents, like the moon when she 
is nearer the sun than the earth is, because we then 
see less than half of the illuminated hemisphere. 
When they are beyond the sun they appear gibbous 
(p. J 35), because we then see more than half of the 
illuminated hemisphere. But the planets beyond the 
earth's orbit can never appear as crescents; and the 
gibbosity of those beyond Mars is too little to be seen, 
because our distance from the sun is so small compared 
with our distance from them. The phases of Venus 
were first seen by GfJileo with his telescope. Thirteen 
years of Venus are only a day less than 8 of the earth, 
and in that time they have 5 conjimctions, or 5 
synodical periods ; which produces that disturbance of 
both their orbits referred to at page 204, accelerating 
the earth and retarding Venus a little for 120 years, and 
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then reversing those effects for 120 years more. This 
was discovered by Sir G, Airy. The transits of Venus 
and Mercury over the son will be noticed afterwards. 

3. The next planet is the Earth e» of which I have 
said enough in Chapter I« 

4. The first planet beyond the earth, or the first of 
what are called the at^pmor planets, is Mam $ . Th^ 
had better have been called eoderior^ leaving the term 
' superior ' for the much larger but less dense ones which 
come after Mars and the group of small asteroids, 
and rotate more than twice as fast, notwithstanding 
their size, as you will see presently. His mean dis- 
tance from the sun is 140 million miles, or 1*5237 of 
the earth's distance, and he performs his circuit in 
687 days, or a little less than 2 years : therefore his 
velocity is about 53,300 miles an hour ; and the sun's 
apparent diameter there is 21'; and 42 sidereal years 
of Mars are only 2 days less than 79 of the earth. 
The eccentricity of his orbit is one nth, and it is 
inclined i"" 51' to the ecliptic. He again is small, his 
diameter being only 4184 miles; and his density must 
be only '65 of the earth's, or a little more than the 
moon's^ as the earth is 8^ times as heavy, but only 5j^ 
times as large; and the sun is 2,680,337 times as 
heavy. 

Mars gives us better opportunities of seeing him than 
any of the planets : better than his superiors, because 
the nearest of them is never less than 8 times as far off 
as he is sometimes; and better than the two inferiors, 
because they are too near the sun. Tou will see by 
adding and subtracting our solar distance to and from 
his, that he is at one-time only 48 million miles from 
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uSy and at another 230; indeed he is sometimes as 
near as 34 millions on account of the great eccentricity 
of his orbit, when he is near perihelion and the earth 
as near aphelion as they can be together. At other 
oppositions, from the same cause, they are nearly 62 
millions apart. Consequently his diameter appears 
6 times larger, and his whole disc above 30 times 
larger at one time than the other, and his apparent 
diam,eter varies from 4" to 21" or more. Astronomers 
have been able to observe, what they have not in 
Venus or Mercury, the inclination of his equator to his 
orbit, and find it 27°^, or rather more than ours, and 
its inclination to our ecliptic 3° i8'. His day is nearly 
as much longer than ours as Venus's is shorter, viz,, 
24h. 37m. 23s., as lately determined by Mr. Proctor. 

There are appearances of snow at his poles, which 
decreases in their summer ; and there is something in 
his composition which makes him generally look red ; 
but some parts look green, which are therefore thought 
to be water. There are clear indications of an atmo- 
sphere; and the spectroscope shows that it contains 
watery vapour like our own. His heat from the sun is 
less than half of ours, and gravity on his surface about 
the same as on Mercury, and less than half of what it 
is here. 

At one time it was stated from some Greenwich 
observations that Mars is 8 times more spheroidal than 
the earth. I remarked in the earlier editions that^this 
was very difficult to believe, as his velocity of rotation 
is rather less and his density not much less ; and the 
oblateness of a globe once fluid varies as velocity^ -7- 
density, if the density is uniform, and the oblateness is 
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less if density increases inwards. It is now agreed that 
Mars is no more spheroidal than the earth, in fact too 
little to be measured on his very small size. 

5. Asteroids. — After Mars there is a great gap 
among the old planets, as you see from the distance 
which I mentioned just now of the nearest of them, and 
there is no such gap in the distances beyond. But on 
the first day of this century, i January 1801, began 
the discovery of a batch of little planets, which have 
now reached 150 or more in number, after standing for 
a good many years at 4. They are called the asteroids, 
which means things like stars, but should rather have 
been called plcmetoids. The four first and largest are 
named Vesta, Ceres, Pallas and Juno. The others 
have exhausted the names of all the heathen goddesses, 
and they are now generally indicated by mere numbers 
enclosed in a circle, as ®. They are all very small^ 
the two first being under 230 miles in diameter and 
most of them too small to measure. As the largest is 
22cx> times less than Mercury, and the moon would 
make 706 of it» it is evident that all the 150 together 
would make a very insignificant planet. They lie 
scattered about between the distances of 240 and 300 
million miles from the sun, and their periods accord- 
ingly vary from 3i to 5i years, by one of Kepler's laws, 
which I will explain afterwards. Some of them have 
orbits much more inclined to* the ecliptic than any of 
the regular planets, up to as much as 34^ and with 
eccentricities from o up to 2^. Gravity there must be 

* In mathexnatioal langaage, ' more inclined to ' means what some 
would rather oaU more inolined fromj or making a greater angle with, 
some other line or plane. 
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so small that a man could jump many times his own 
height on the largest of them all. 

The first discoverers of the asteroids, especially Olbers, 
who found Pallas and Vesta aftet Piazzi had found 
Ceres, supposed that they were fragments of a planet 
somehow knocked to pieces. Such fragments might 
well take very difierent inclinations to the ecliptic, but 
must always pass through the point from which they 
were exploded, though it might be perihelion for some 
of them, and aphelion or any other place of the orbit 
for others, and they might have very different eccen- 
tricities, mean distances and periods. 

It appears that the principal asteroids and some 
of the others do satisfy that condition,* but many of 
them do not ; and the orbits are so far apart that the 
deviation cannot be attributed to their disturbances 
by neighbouring planets or each other. For this and 
other reasons the disruption theory has gone out of 
favour lately, and it is rather thought that these 
* minor planets * are of the nature of very large meteors, 
of which it is now known that there are innumerable 
quantities and many systems with collective orbits 
within the solar system; but they are generally too 
small to be seen by reflection, and only became visible 
by incandescence from the friction of rushing through 
the earth's atmosphere when we come across them. I 
am not aware that either Olbers or any one else 
professed to have discovered the kind of force, either 
external or internal, which could knock a planet to 
pieces without leaving any trace of the body that ^ ran 
it down,' or could make it explode with sufScient force 
* I take this from the Engliah Gyolopeadia account of the AsteroidB. 
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to send off the fragments in sach very different orbits. 
The former alternative seems absolutely impossible 
now we know what thin things comets are. 

6. After these little asteroids comes Jupiter V-j a 
planet of a very different order from any we have seen 
yet, 1270 times bigger than the earth, and only about 
icxx> times smaller than the sun. But he, like the sup, 
is made of something not much heavier than water, or 
*237 of the earth's density ; for he is only 308 times as 
heavy as the earth, and a 1048th of the sun, supposing 
that we see his real body, or the sun's, and not a mere 
luminous envelope of both of them. The sun's diameter 
is nearly ten times Jupiter's and Jupiter's eleven 
times the earth's. Notwithstanding his great size he 
turns round on his axis in five minutes under ten 
hours, aad consequently the centrifugal force is so 
great that his equatorial diameter exceeds his polar 
axis by a i6th. If his density were throughout what 
it is on the average, only a quarter of the earth's, his 
ellipticity would be about one 9th. Or if it increased 
inwards at the same rate as the earth's (whatever that 
may be) his ellipticity would be one 13th. As it is 
only a 17th, Jupiter's density must increase inwards 
even more than the earth's, and his outside is much 
lighter than water, which favours the idea that it is 
only a luminous envelope of some kind of cloud. That 
being his ellipticity, his bulk is a 17th less than a 
sphere of his equatorial diameter of 86^936 miles, and 
about an eighth more than a sphere of his polar 
diameter (pp. 19, 201). 

Jupiter's mean distance from the sun is 478^^ million 
miles, or 5*2028 the ea^h's, and his periodic time or 
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year nearly twelve of ours, or 4352*6 days. Con- 
sequently his rate of travelling through space is 27,180 
miles an hour, and the sun's apparent diameter there is 
only 6' 6". 

He stands nearly upright in his orbit; that is, 
his equator is only inclined 3° 4' to it, and only 1° 19' 
to the ecliptic ; but the former is the inclination which 
affects his seasons, and it is too little to make any 
sensible difference between summer and winter, espe- 
cially at his great distance from the sun. But as the 
eccentricity of his orbit is nearly a 20th, he is nearly 
one tenth of his mean distance, or 47 million miles, 
nearer the sun at perihelion than at aphelion ; and as 
the heat varies inversely as the square of the distance, 
Jupiter gets one fifth more heat at perihelion than at 
aphelion ; but on the average only a 27th as much as 
the earth; which would only produce a heat of 470° 
below zero (p. 54). As his density is nearly the same 
as the sun's, the force of gravity on his sur&ce bears 
nearly the same proportion to that on the sun's surface as 
their diameters do (see p. 30), and is 27 times as much 
as on the earth ; or a man on Jupiter would feel nearly 
three times as heavy as on the earth. 

Jupiter not only is but looks considerably larger 
than any other planet, except Yenus when she is 
nearest to the earth, his diameter varying from 30" 
to 46", or about one 50th of the sun's and moon's. 
His disc is seen in telescopes to have some dark bands 
or belts round it, which are always parallel to the 
equator, and are supposed to be clouds carried round 
with him ; and sometimes darker spots are seen, which 
may be openings in the clouds. But Jupiter has a £ar 



Digitized 



byGoogk 



. Jupiter a minor Sun. 219 

more important characterifitic than these in his four 
moons or satellites, of which I will say more after we 
haye gone through the planets themselves. 

Jupiter a minor sun. — ^It has been observed by 
astronomers in different parts of the world that Jupiter 
is more luminous than he can possibly be by mere 
reflection from the sun. Some of them have gone so 
far as to say that he emits more light than he receives, 
though a good deal is always lost in reflection from the 
very best surfaces. Though others do not go so far as 
that, they agree that he emits twice and a half as 
much as Mars, and three times as much as the moon, 
in proportion to their surfaces, though the colour of a 
great part of Jupiter is ill adapted for reflection. 
Moreover the' cloud belts sometimes vary in their 
detail, though their general aspect does not vary much. 
Another remarkable fact is that the satellites appear 
on his face as dark spots when they cross it, whereas if 
they both derived their illumination only from the sun 
there could be no sensible difference, or the transits 
of the satellites would be invisible. 

Mr. Proctor* has propounded the theory, as the 
only way of accounting for all these phsenomena, that 
Jupiter is still very hot, as the earth certainly was 
once and is yet inside: that this heat produces the 
cloud envelope, which makes his great apparent size 
and consequent lightness, as is the case with the sun 
himself; and then produces also storms among the 
clouds ; and maintains such heat in them, or through 
them, as accounts for his ultra-reflective brightness. 
As the sun's heat would leave all the water of Jupiter 
* In ' Other Worlds/ cap. ▼., and ' The Orbs around hb/ p. 140. 
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500® below freezing, as we saw just now, it could 
certainly raise no clouds: they must come therefore 
from internal heat. 

Unless Jupiter came into existence as a globe count* 
less ages before the earth, it is certain that he would 
retain his heat long after the earth became cool ; for 
if the real but invisible solid or liquid globe, which is 
308 times as heayy as the earth, has the same mean 
density, it is still 67 times (instead of 11) as large in 
diameter, and would be much longer cooling, as a large 
red hot cannon ball is longer cooling than a small 
one, because the heat inside the globe has to make 
its way out through the mass outside it, of which 
the conducting power may be very small. In the case 
of our little moon, on the other hand, the unchanging 
state of her surfece and the apparent extinction of 
all her volcanoes afford reason to believe that all her 
internal heat has transpired, or at any rate that she 
has become solid throughout, while the larger earth has 
not. 

This conclusion is strikingly opposed to the older 
estimate of Jupiter as a mass of very cold water, as 
described in Whewell's * Plurality of Worlds,* in which 
he pronounced such a planet only habitable by car- 
tilaginous and glutinous floating creatures. It is odd 
that these large and light planets should now appear 
uninhabitable from heat more than cold. Though 
Jupiter is rather heavier than water we shall see that 
Saturn is much lighter. It is impossible that a globe 
of water could be so, for its density must be made 
still greater by the tremendous pressure of its own 
gravity within, as explained at p. 37. This is another 
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difficulty in the way of the old theory. But though 
all the large and light planets may be minor suns in 
the sense of emitting considerable heat and some light, 
there is no similarity between their clouds and atmo* 
sphere and those of the sun ; since we have reason to 
believe that his envelopes or photosphere are anything 
but clouds of heated steam, though we do not know 
what they are. 

7- Saturn h is not much smaller than Jupiter, but 
is less than a third of his weight, being made of some- 
thing only '124 as dense as the earth, and only two 
thirds as heavy as water. His diameter is 74,100 miles, 
or rather more than nine times the earth's ; but though 
he is 746 times as large as the earth, he is only 92 
times as heavy, and the sim is 3502 times his weight. 
He is even more spheroidal than Jupiter, his polar 
diameter being one nth less than his equatorial, 
though his density is much less and his velocity of 
rotation rather less ; for he turns in loj^ hours. His 
equatorial parts are supposed to be drawn out fEtrthei: 
by the attraction of the Bing, which I will describe 
presently together with his eight moons : and his oblate- 
ness is subject to an occasional variation which gives 
him the look of being what the astronomers call square 
shouldered : which all supports the theory of his en- 
velope being cloudy. His apparent diameter is gene- 
rally 18'', as he is too far off for the diameter to be much 
affected by the earth being in one part of her orbit or 
another. His mean distance from the sun is 877 million 
miles, or 9*539 times the earth's, and his year is 10,759 
days, or 29^ of ours (the same number as the days 
of a revolution of the moon) ; consequently he moves 
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tlirough Bpace about 20,100 miles an hour, and the 
sun appears only 3' 20" wide there. It must be ninety 
times colder and darker there than here, and gravity 
on the surface very little more than on the surface of 
the earth. Saturn stands very diflFerently from Jupiter, 
with his equator inclined 26° 50' to his orbit and 28° 10' 
to the ecliptic, to which his orbit is inclined 2° 29' ; and 
its eccentricity is •056. Consequently his frigid zones 
are larger than ours, and the poles do not see the sun 
for nearly 15 years alternately. 

Long inequality of Jupiter and Saturn. — ^I have 
now to describe a disturbance of these two planets by 
each other, of which Sir G. Airy says (* Gravitation,' 
p. 150) that *the calculations necessary to discover 
the effect of it are probably the most complicated that 
physical science has ever required ;' so that nothing 
beyond a very general account of it can be expected 
here. If you wish to follow the subject as far as it can 
be carried without mathematics, you will find a longer 
explanation in the book aforesaid, and later ones in 
Sir J. Herschel's * Astronomy,* and in Mr. Proctor's 
book on Saturn;* but you must not expect to find 
any complete explanation of such a subject easy. 

The mean angular velocities of Jupiter and Saturn, 
being inversely as their periods, are nearly in the pro- 
portion of S to 2, or more exactly, 72 to 29. It follows 

* It may be a pnblio benefit to inform those who have to employ 
engravers that their habit of making the letters in diagrams and archi- 
tectural drawings as smaU as they can, made some of the plates in 
Mr. Proctor's valuable book on Saturn useless to any common eyes, 
and even short-sighted eyes can hardly make them out. I am glad to 
see that this defect is avoided in his later books. The present fashion 
of pale and thin printing is equally stupid. Publishers take good care 
to avoid it in their own advertisements at the end of their books. 
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that every conjunction falls 242^ 42' beyond the last ; 
or as if they feU on the angles of an eqnUateral triangle 
'which itself reyolves, the same way as the planets, at 
the rate of 2° 42' in their synodical period of 19*86 
years. If the angles are marked A B C in the direction 
of motion, the conjunctions fall in the order A C B A, 
coming round again to the same place at the third 
conjunction, except that it has then moved forward 8"^ &. 
The real motion is more irregular than this, because 
the velocity of the planets varies in different parts of 
their eUiptic orbits. But if that were all, the variations 
would compensate each other, and all that would 
happen would be this : — as Jupiter approaches every 
conjunction he would be pulled forward a little by 
Saturn, who would be himself pulled back, and the 
contrary as they leave conjunction ; and the effects of 
the disturbances would not accumulate. 

But besides the unequal velocities, the eccentricity of 
the orbits makes the distances not quite the same 
before and after conjunction ; and the disturbajnces at 
any series of conjunctions at different distances may 
or may not compensate each other. Moreover the 
orbits are not in the same plane, and that causes 
another variation of their mutual attraction * resolved ' 
into the plane of either of them ; also the nodes where 
they cross are continually varying like the precession 
of our equinoxes. Sir G-. Airy says it is impossible 
to do more than state that the mathematical result of 
all this is that for about 460 years the major axis of 
one planet's orbit is getting lengthened, and therefore 
its period (which always depends on the major axis 
only) is lengthened, and that of the other shortened ; 
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and then for another 460 years the effect is reversed. 
Though the alteration is exceedingly small in one 
synodical period, yet by the end of the 460 years it 
accumulate, like the lunar acceleration (p. 186), into 
something considerable, viz., an alteration of Saturn's 
longitude by 48', and of the heayier Jupiter's by 21'. 
The eccentricities of the two orbits are also disturbed, 
and the perihelion of each is made to advance and 
recede alternately for 425 years. 

Similar coincidences of periods exist, as I said, be- 
tween Venus and the earth, with S points of conjunction 
in the circle, instead of 3 ; and others not so close or 
frequent between other pairs of planets. None of them 
produce nearly so large a disturbance as this of Jupiter 
and Saturn^ which accumulates for such a loDg time, 
and is therefore called either the great or the long 
inequality. You will see hereafter that a similar, and 
relatively a greater disturbance exists among three of 
Jupiter's satellites, whose conjunctions recur at only 
one place in the orbit of each pair. 

It is generally said that Galileo's telescope first 
revealed Jupiter's moons and Saturn's ring. But it is 
by no means clear that they were unknown to the 
Chaldsean astronomers, whether they had telescopes or 
not, as they had single lenses at any rate (which alone 
will not serve for teles6opes), for one has been found at 
Nineveh* Mr. Proctor notices in his * Saturn* some 
ancient symbols of Baal or Jupiter with four wings 
tipped with stars, and a globe surrounded by four smaller 
ones ; and one of Nisroch like an open eye, which is 
the oblique view of Saturn and his ring, besides other 
ringed symbols. This might not go for much if it weie 
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eertttin that these objects cannot be seen without tele- 
8C(^)e8. But it is now certain that they can^ where the 
air is so dry as to intercept much less light than it does 
here. In the B. A. S. * Notices,* vol. xvi., 158, is a 
letter to Sir J. Herschel from a Mr. Stoddart in Persia, 
an observer of 15 years' experience, saying that he had 
several times seen with the naked eye both Jupiter's 
satellites and Saturn elongated into a distinct oval, as 
Galileo first saw it. They are also said to have been 
seen from Mount Etna. There is no reason against it 
in their apparent width or distance apart, for the planets 
themselves are visible as globes, and not as mere points 
like the stars. The only difficulty is the faintness 
of the light of their appendages ; and that, like heat 
(p. 5S), depends on the dryness of the air, which Mr. 
Stoddart said was so great that there is no dew. He 
also saw some stars as double, which are quite insepa- 
rable here without telescopes. 

8. Uranus. — These are all the planets that were 
known until the year 1781, when a new one was dis*- 
covered by the late Sir W. Herschel, who was once 
organist at Bath Abbey, and some other places, and 
afterwards the greatest astronomer of his time, and by 
a piece of rare good fortune the father of another not 
inferior to himself, and the grandfather of a third 
astronomer. He, like Newton and Galileo, invented 
and made telescopes on a plan of his own, larger and 
more powerful than had been ever made before ; which 
have been since copied on a -still larger scale by Lord 
Eosse. 

With one of his smaller telescopes Herschel found a 
new planet farther off than Saturn, and too &r to be 

Q 
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seen without a strong telescope, thongh.it afterwardg 
appeared that it had been seen before, butnotperceiyed 
to be a planet. At first it was called the Georgian star, 
after the king in whose time and neighbourhood (viz., 
at Slough near Windsor) it was discovered, and by 
whom Herschel had been liberally assisted. But the 
public preferred to name it after its discoverer, until 
at last they both gave way to another heathen Grod, 
Uranus, the father of Saturn and grandfather of Jupiter, 
and whose name in Greek means the heaven itself, 
beyond which it was supposed there was nothing farther 
to be found. 

This planet Uranus !l^ is 1765 million miles from the 
sun, or 191824 times the earth's distance, and takes 84 
years and 6J days, or 30,987 days, to go round him, at 
the rate of 14,640 miles an hour. He also ranks as a 
large and light planet ; for his diameter is nearly half 
Saturn's, or 34,070 miles, and he is 71 times as large as 
the earth, but not quite 16 times as heavy, his density 
being '22, or rather less than Jupiter's. He is 20,470 
times lighter than the sun. His orbit is the nearest to 
the ecliptic of them all, being only inclined 46' 29''; and 
its eccentricity '046. He has four, and some think 
seven or eight moons, which behave differently from all 
others in the solar system, having their orbits so nearly 
perpendicular to the ecliptic as 79°, and nearly circular, 
and moving the opposite way to all the other moons 
and planets. His apparent diameter is only 4''; and 
consequently his inclination and time of rotation are 
not yet ascertained. But his spheroidicity is thought 
to be as great as Saturn's ; and it is most likely tliat 
his equator is nearly perpendicular to the ecliptic, as 
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the orbits of Japiter and Saturn's moons nearly coincide 
with the equator of their planet. This also accounts 
for his appearing sometimes spherical and sometimes 
spheroidal, according as his pole or equator is presented 
to us. The light and heat there must be 330 times 
less than here; gravity one seventh less; and the 
apparent diameter of the sun i' 42" to the Uranians. 

9. Neptune. — Still the solar system was not ex- 
haustedy as it was supposed to be when Uranus was so 
named. All these planets were discovered by being 
seen, and seen to move ; but one more was proved to 
exist without being seen, and afterwards found by look- 
ing for it where the discoverers said it would be found. 
The history of this discovery is so remarkable, and at 
the same time is given so imperfectly, and sometimes 
so unjustly, in larger books than this, that I shall relate 
it more fally than would otherwise be necessary, taking 
my account of it from the most authentic source, viz., 
the correspondence and statement of the Astronomer 
Boyal, in vol. xvi. of the Astronomical Society's 
* Memoirs,' or vol. vii. of their * Notices'; which very 
few writers of the English language, on either side of 
the Atlantic, and of course no French ones, have appa- 
rently taken the trouble to read before publishing their 
own versions of the transaction. Fortunately there 
never was any dispute about the facts. But the only 
fair accounts that I have seen are in Grant's ' History 
of Physical Astronomy,' and in a book called JSpectdum 
Hartwdlianum by the late Admiral Smyth, P.E.A.S. 

Just forty years after the discovery of XJranus astro- 
nomers began to complain that he did not appear in his 
proper place, as calcxdated from the earlier observations, 

q2 
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by which his orbit was supposed to be as well ascertained 
as that of any other planet. And some people went so 
far as to doubt whether Newton's law of attraction might 
not'be subject to variation at so great a distance. By 
the year 1830 his longitude, or distance from the 
equinoctial point cyo, had got wrong by 30", which 
would make him appear wrong in his time of crossing 
the meridian of any obserratory by two seconds of 
time; and he had got 2' or 8 seconds wrong in 1845. 
This does not seem much to be disturbed about in a 
planet 2760 million miles off, or to make the laws 
of the universe suspected by some astronomers, and 
the existence of an unseen disturber of the peace of 
Uranus by others. But so it was; and it gives you 
s(Hae idea of the accuracy now expected in astronomy. 

The first person who appears to have openly suggested 
the idea of Uranus being disturbed by a more distant 
planet was the Bev. T. J. Hussey, of Hayes, who wrote 
to the Astronomer Boyal to that effect in November 
1834; and he said that two foreign astronomers, 
A. Bouvard and Hansen, agreed with him. But Sir G. 
Airy answered that he *did not think the irregularity 
of Uranus was in such a state as to give the smallest 
hope of making out the nature of any external action on 
the planet^' — ^if there was any, which he doubted; and 
preferred supposing that the earlier observations had 
been wrong. In 1837 E. Bouvard, the nephew of 
.A- Bouvard, again wrote to Sir G. Airy suggesting the 
same cause ; who again answered (in substance) that he 
did not believe it, and added — *if it be the effect of any 
unseen body, it will be nearly impossible ever to find out 
its place.' By 1842 Bessel and other eminent astro- 
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nomers seem to have avowed the same opinion as Dr. 
Hassey^ but without convincing the English Astronomer 
Boyal, who still appears to have had no solution of his 
own^ except his guess at the inaccuracy of observations, 
although the attention of astronomers had now been 
directed to it for twenty years, and the error had been 
getting worse. 

But suggesting that there must be a planet somewhere 
was a very different thing from setting to work to cal- 
culate whereabouts in all space it must be, with a strong 
presumption only, from the distances of the others, that 
it would be nearly twice as far from the sun as Uranus 
(which after all it is not), and near the ecliptic like the 
rest (which it is). It was also certain that tiie disturber 
of Uranus had left conjunction with him, because the 
disturbances had begun to diminish again. In 1844 
Professor Ghallis, the head of the Cambridge Obser- 
vatory, wrote to ask the Astronomer Royal for somfe 
Greenwich tables of Uranus for a * young friend of his, 
Mr. J. 0. Adams, of St John's College, who was at work 
upon the theory of Uranus.* He of course sent them, 
and in September 1845 Professor Challis wrote again 
to say that ' Mr. Adams had completed his calculations 
of the perturbations of Uranus by a supposed ulterior 
planet.' In October 1845 Mr. Adams himself left at 
the Greenwich Observatory what Sir G. Airy justly 
called afterwards 'the important paper,' giving the 
result of his calculations and the place where the new 
pkmet would probably hefownd. 

Still Sir G. Airy could not believe that a young man, 
who had only taken his degree (of senior wrangler) the 
year before, had actually found the place of a planet 
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wbicli he believed not to exist at all, and to be ' nearly 
impossible to find ' if it did. So instead of encouraging 
Mr. Adams, or taking steps to get the planet looked for 
by the best telescopes of various observatories, he sent 
him a question which he called an experimenium cruds, 
or what is popularly called a posing question. He after- 
wards expressed his ' deep regret ' that Mr. Adams did 
not answer it, which it is well known that he could 
easily have done, as his previous calculations involved 
the answer. The world has never been informed what 
delayed it : whether Mr. Adams wished to send some 
further information with it, or whether the maker of 
what has been called the greatest astronomical dis- 
covery since Newton felt that his announcement of it 
might have been received more cordially. 

But while Sir G. Airy was waiting to believe in the 
discovery an eminent foreign astronomer stepped into 
the field and confirmed it; for in June 1846 M. Le 
Verrier gaveto the French Academy hisown independent 
calculations for a new planet, which nearly agreed in 
their result with those which Mr. Adams had given in 
1845. As soon as they came here Sir 6. Airy's doubts 
vanished; and then he confessed (what indeed his 
question showed before) that he had doubted the 
accuracy of Mr. Adams's investigations until he re- 
ceived M. Le Verrier's confirmation of them ; which 
does not mean that he considered the calculations wron^ 
in any definite way, but simply that he doubted any 
msm's ability to make them. 

Then he did set to work to get the planet looked for 
in the place indicated ; and Professor Challis undertook 
the search with the great Cambridge telescope (which 
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he ought Toluntarily to hare done a year before) 
and soon found what turned out to be the planet, 
and he noted it as ' appearing to have a disc/ which 
only planets have. But unfortunately he had no star 
map to compare his observations with ; and also delayed 
comparing his own successive observations with each 
other, until Dr. Gtille: of Berlin had not only found 
the planet, but found that he had found it, on 23 Sep- 
tember 1846. Not that the finding of al planet where 
you are told to look for it is any great feat, or at all 
parallel to Herschel's finding of an unsuspected planet. 

Only one more sentence need be quoted from Sir 
G. Airy's certainly candid statement to complete the 
story, and to show how this country lost the undivided 
credit of this great discovery, which Adanui unquestion- 
ably first made and first disclosed, not merely to private 
friends, but to the two official heads of astronomical 
science in England. Sir 6. Airy concluded his account 
by saying, * I consider it quite within probability (he 
might have said, certainty), that a publication of the 
elements (of the planet's orbit) obtained in October 
1845 (from Mt. Adams) might have led to the (tele- 
scopic) discovery of the planet in November 1845,' 
seven months before Le Yerrier disclosed his calcu- 
lations. 

The name of Neptune y\/ was soon given to the new 
planet, on the same principle as the others ; only they 
were obliged to go back to the brother of Jupiter, as 
he had no more ancestors in the Pagan mythology. 
Neptune was afterwards found to be 2763 million miles 
from the sun, or 30*0363 times the earth's distance, and 
to have a period of 60,127 days, or i64f years. He 
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only goes 10^560 miles* an hour, or just ten times slower 
than Mercury; and the Snn appears there only i' in 
diameter, or no larger than Venns sometimes does to ns. 
Neptune's diameter is beUeyed to be a little larger than 
Uranns'85 yiz^ 38^00 miles, and his bulk consequently 
1 1 7*5 times the earth's. The present estimate is that his 
weight ^ nearly 18 times the earth's, or that the sun is 
1 8,780 times his weight. His orbit is almost as circular 
as yenus>5 and i"" 46 inclined to the ecliptic. Nothing 
is known of his time of rotation, or the inclination of 
his axis ; but though his apparent diameter is only 2", 
he is said to be risibly spheroidal, which implies a 
quick rotation. The light and heat there are only a 
tiiousandt^ of what they are here, and grayity about 
a quarter less than on the earth's svatBce. 

One satellite of Neptune has been already discoTered 
by Mr. Lassel, revolving in 5d. 2ih., and going more 
distinctly retrograde, or opposite to the usual direc- 
tion, than the satellites of Uranus, because its orUt is 
only 29^ inclined to the orbit of the planet. It will be 
curious to ascertain whether his rotation is retrc^rade 
also. It also turns out that the planet had been occa- 
sionally seen before as a very fitint star as long ago 
as 1795 ; but as it was never seen twice in the same 
place, the observations had been hastily treated as 
mistakes ; a warning to all men never to disr^ard 
any new fact, until they are quite sure that it is not 
one, or is really unimportant; besides that other 
warning to men in high {daces, which the history of 
the discovery clearly enough proclaims. 

10. One more planet was for a time suspected to exist, 
a very small one, only 14 million miles from the sun, and 
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going lound him in 19I days, in an orbit 13"^ inclined 
to the eoliptie, and the name of Vnlcan was assigned to 
itr But its existence is no longer belieTed, as it has 
been seen no more. 

Bode's law of distances.— I have several times 
spoken of the distances at which the new planets of 
this century were expected to be found, from the 
proportionate distances of the older ones; and you 
will see in running over them that there is a rough 
approximation to a successive doubling of the distances 
of all beyond the first. If you divide them all by 
9 millions, to get rid of a great number of figures, they 
will come in pretty nearly the following proportions : 
Mercury 4, Yenus 7, Earth io» Mars 16, Ceres and 
Pallas and some of the other asteroids 2S, Jupiter 52, 
Saturn 100, Uranus 196, Neptune 305. Or Earth is 
twice as far beyond Mercury as Venus is, Mars 4 times 
as far, the Asteroids 8, Jupiter 16, Saturn 32, Uranus 64 ; 
but Neptune is not 128 times as far, but only 102; 
that is, he is 700 million miles too near according to 
this rule, which is called Bode's law, &om its discoverer. 
And so the only thing like a rule, which there was to 
guess Neptune's distance by, turned out wrong* Never- 
^eless it had been useiul as a first approximation ; for it 
is a oommon practice in astronomy, when several things 
are unknown together, to assume a probable value for 
one of them, and then correct them 'backwards after 
some of them are found. Moreover the direction in which 
Neptune was to be looked for was rightly calculated, 
and the error in distance affected his apparent place 
very little, as he was then nearly in a line with the sun 
aikd earth, and his distance is 30 times the earth's. 
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You must understand that this rule of Bode's is only 
empirical, which means founded upon trial or experience 
— ^more or less extensive as the case may be, and is 
not deduced from that great law of universal attraction 
or gravitation, which keeps the planets in their orbits 
moving with a certain velocity, and makes their years 
bear a certain proportion to their distances, and enables 
their weights to be calculated from their disturbances 
of each other and of their moons, and an unknown 
planet to be found by calculation, and raises the tides, 
and prevents the whole earth and the sea, and every- 
thing that is in them, from flying to pieces like the 
wringings of a mop, and running off in straight lines 
into infinite space for ever. Nevertheless it is all 
but impossible that so many coincidences with that 
law should be accidental, and not the result of some 
yet unknown physical cause ; and we shall see more of 
it among the satellites of the greater planets. 

Retrogradation of planets— Althoagh the planets 
seen from the sun would appear to go round him, as 
they do, with very little variation in their pace, they 
appear from the earth to go very differently, and 
irregularly in speed, and sometimes actually to go 
backwards. The angular velocities round the sun 
depend simply on the periods : so the angular velocity 
of the earth is always nearly 165 times Neptune's, and 
84 times Uranus's, and 29^ times Saturn's, and 12 
times Jupiter's, and twice Mars's, and two thirds of 
Venus's, and a quarter of Mercury's. But the angular 
velocities round the earth follow no such rule, and 
indeed no rule at all that can be expressed without a 
great deal of calculation : all we can do is to explain 
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why both the interior and exterior planets sometimes 
appear to us retrograde in their motion. 

Suppose we are sailing westward down the middle of 
a wide river with a slight bend to the 
south in a ship called Earth at E, oppo- 
site the Sun inn on the south bank; '' 
and that at Y, between us and the sun, 
there is a ship called Venus going the 
same way, but faster ; and beyond us at 
M another ship called Mars going the 
same way but slower : so that in a little 
time we shall have got respectively to 
V e m\ N and S being north and south 
by the compass which we carry with us. 
Then, as we are unconscious of our own 
motion, the sun will appear to have gone a little round 
us to the left, through the angle Sfi0, and Venus to 
the right through the angle Set; ; and if we turn and 
look at Mars, that also will appear to have gone round 
us to onr right through the angle New. You must re- 
member that the line N S which is carried with us is our 
only datum line to measure motipn from, and those letters 
indicate some stars at an infinite distance, or they may 
be <Y> and =q=, from which longitude is reckoned. There- 
fore an interior planet apparently goes the opposite 
way to the sun, or retrograde, whenever it is between 
us and the sun (which is called inferior conjunction), 
and an exterior planet whenever it is in opposition to 
the sun. After that, we and Venus move on to d and v' ; 
and since vv' is greater than ed (because the inner planet 
goes faster both in angular and linear velocity, but the 
inner orbit is most curved) the line ve for a few days 
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moves practically parallel to itself, or t;V is parallel to 
ve ; and then neither planet can perceive any motion in 
the other with reference to the stars or op; and so all 
planets, interior or exterior, appear stationary for a few 
days before and after each retrogradation. At other 
times they appear to go round the earth the same way 
as the sun, though witii varying velocities according^ 
to their position. 

satubn's bing and satellites. 

Saturn's Bing, treating it first as a single bright ring, 
is very thin and flat, like a ring stamped out of a card, 
having an outside diameter rather more than twice as 
wide as the planet, or 1 67,600 miles. Its inside diameter 
^ 109*536, or only 17,713 miles from Saturn's equator; 
and therefore the breadth of the ring itself is about 
29,000 miles. It is so thin that it is di£Scult to say what 
its thickness is ; but it is considered to be not more than 
100 miles. And the strangest thing about it perhaps ia 
that it seems continually to get thinner and wider, and 
sometimes breaks out into fresh divisions apparently, 
besides the long recognized and well marked divisions 
into two : of which tiie outer ring is 9960 miles wide, 
the inner 17,680, and the space between them 1390. It 
is useless to profess great precision in these figures, from 
the nature of the rings and their distance. 

If Saturn stood like Jupiter, with his equator (and 
riiig) nearly in the plane of the ecliptic, we should have 
known next to nothing about the ring ; for we should 
have seen nothing but two bright lines like handles, 
each of them about as long as Saturn's radius. Some- 
times the satellites appear like beads threaded on the 
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thin line of the ring. Sir W. Herschel found, by 
observing the motion of certain lumps or inequalities on 
the edge of the ring, that that part of it at any rate 
reTolves round Saturn in loh. 32m. 15s. or 3 minutes 
longer than his own time of rotation. But as Saturn's 
equator and ring are now* inclined 28'' io\to the 
ecliptic, we sometimes see it in oblique perspective, 
and therefore as an ellipse^ getting a very gooid sight 
of the whole width of the rings and the spaces between 
them each and the body of Saturn. If you want to 
realize this, get somebody to hold a globe in the 
ordinary wooden frame at some distance from you; 
when your eye is in the plane of the wooden horisson 
you can only see its edge ; but when it is inclined a 
good deal, you can see the whole of it except the part 
behind the globe, and you see also the space between 
them. The minor axis of the perspective ellipse of the 
ring when most elevated is '47 of the major axis. 

But the sun also must be elevated above the plane of 
the ring, and on the same side as the earth, though not 
necessarily as much, to illuminate the side of the ring 
facing the earth, to enable us to see it. You will find 
in Mr. Proctor's book pictures of Saturn and the rings 
in all possible phases, with a variety of interesting 
descriptions of them which would be out of place here. 
He shows too that the usual statement, originally 

* The inclinations of all the planets' equators to the ecliptic depend 
(i) on their inclinations to their own orbits, (i) on the inotination of 
those to the ecliptic, and (3) on the position of their nodes or equinoc- 
tial points ; but all the nodes revolve so slowly, and the inclinations of 
the orbits are so small, that I do not complicate the descriptions with 
any further notice of these changes ; but I have given the present Iqn- 
. gitudes of perihelion in the table at thi^ end. 
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Herschers, that each hemisphere suffers an eclipse of 
IS years by the ring, is erroneous, in the sense of a 
continuous eclipse ; though each place may pass behind 
the ring, as seen from the sun, daily. Some places 
however do suffer a continuous eclipse of nearly 7 years 
in each of Saturn's years ( = 29^ of ours), and other 
shorter ones, besides the total darkness within his large 
arctic circles for various periods up to nearly 15 years 
(p. 221). These large planets must have very odd 
Unds of inhabitants, if any, considering their probable 
condition (p. 219) and these long eclipses. 

The mass of the ring has been calculated as the 
1 1 8th part of that of Saturn, from its effect in disturb- 
ing some of the satellites. And that agrees pretty 
well with the estimate of 100 miles of thickness, on 
the assumption that its average density is the same as 
Saturn's own. There have been various speculations 
as to its composition. Laplace proved that it could not 
be in one solid flat piece, but must be at least divided 
into two ; and the same kind of reasoning has made it 
necessary to carry the division still farther. For the 
outer and inner parts of a ring of anything like that 
width require different velocities and periods to preserve 
their equilibrium, according to well known laws of 
motion which will be explained in the next chapter. 
If the inner part only went as fast as the outer, its 
centrifugal force would not be enough to keep it from 
being dragged into Saturn by attraction. For the ring 
itself is far too thin and weak to be able to hold itself 
together by its own cohesion or internal attraction, 
against such a force as that tending to pull it in pieces. 
Moreover the outer edge revolves in the proper time for 
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a satellite at that distance ; but too slow for one at the 
inside, or even at the middle of the breadth of the ring. 

But a far more serious objection to the rings being 
rigid at all was made by Mr. J. C. Maxwell of Trin. 
Coll. Cambridge, in the Adams Prize Essay of 1857; 
viz., that, in order to preserve its equilibrium in 
revolution, each ring must be so uneven in density 
as to have its centre of gravity more than 9 times 
farther from the light side than the heavy one, if it is 
rigid : which is completely at variance with observation 
— unless there is that enormous and improbable latent 
difference in ;the opposite sides. Moreover the rings 
would then be much nearer the planet on one side than 
the other, which they are not, though they are a little. 
You may ask how a ring can be stronger for being 
limp than rigid, provided that it is of the proper shape, 
whatever that may be. The answer is that there is no 
proper rigid shape, except that defined by Mr. Maxwell ; 
which certainly does not exist ; and if it did, it could 
not maintain itself against disturbances. Consequently 
a set of rigid narrow rings is no less impossible than a 
single wide one. 

The idea has been therefore entertained that the 
rings might be fluid, so that all their parts could move 
along each other as they pleased. But to this also it 
is objected that the constcmt changes of motion would 
cause waves, which would break the rings in pieces, for 
the effect of waves lasts long after the force has passed 
away which raised them. Moreover the appearance of 
the rings contradicts that theory. For besides the 
one, or we must now say two, evident divisions, there 
are indications of more, and also of an inner ring, 
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darker than the others, but semitransparent, as if 
composed of bodies near together but not too close to 
see through. And in fact that is now taken by astro- 
nomers to be the constitution of all the rings of Saturn. 
We may consider them consisting of a vast number of 
rings, each of only one satellite in width, independently 
of the wider separations into three distinct rings. 

Another fact quite inconsistent with rigidity, is that 
the rings as a whole have been getting thinner, and 
about one sixth wider, the inner parts coming nearer 
to the planet, but the outer not altering, in the 200 
years since Huyghens first measured it; and more 
rapidly in the 80 years since Sir W. Herschel's time than 
in the 120 years before. Galileo saw the ring but 
could not make it out, though he did distinguish 
Jupiter's satellites with his second telescope in 1610. 

Saturn's moons are far less interesting than his 
rings. It is enough to say here that the eighth and 
last in the order of diseoyery, but the seventh in 
distance and a very small one, was only found in 1848, 
and oddly enough, by Mr. Lassell in England and 
Mr. Bond in America on the same night. The sixth 
is much the largest, and so it has been called Titan 
in Sir J. Herschel's renaming of them all by names 
instead of numbers — ^Mimas, Enceladus, Tethys, Dione, 
Bbea, Titan, Hyperion, lapetus. But though some of 
these were the * giants ' of the ancient world who 
fought with Jupiter, they are very small satellites of 
Saturn now, some too small to be seen except with the 
best telescopes; and all of them together capable of 
reflecting very little light upon the planet, only about 
a 1 6th of what we get from our moon. And Jupiter's 
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four give him about the same. Impetus is one of the 
larger ones, and much farther off than the rest, being 
32 of Saturn's diameters distant from his centre. Our 
moon's distance is 30 times the earth's diameter ; but 
then Saturn's diameter is nine times ours. Their 
distances and periods, which is all that seems accurately 
known of them, are expressed shortly in the following 
table. The first five follow Bode's law pretty well 
but not the others. 







Fttiod. 


Dlaoorerad. 




InmUes. 


In radii of ^. 




I Mimas . . 
3 Enceladns . 

3 Tethys . 

4 Dione . 

5 Bhea. . . 

6 Titan . 

7 Hyperion 

8 lapetns . 




124,500 
159,700 
197,855 
353,443 
353,647 
820,543 
993,280 

3.384,153 


3-36 

4-31 

$•34 

6*84 

9-5$ 

33-145 

26-78 

64-36 


d. li. m. 

22 37 

1 8 53 
I 21 18 

3 17 41 

4 13 35 

15 22 41 

21 7 8 

39 7 54 


} 1789 

} 1684 
1672 
1655 
1848 
1671 



The distances of the only four satellites of Uranus 
which can be considered certainly to exist, are about 
123, 172, 283, 378 thousand miles; of which the dif- 
ferences are 49, iii, 195, making a rough approximar 
tion to Bode's law. 

Jupiter's four satellites are of far more importance 
than Uranus's, or Saturn's eight They are all of a 
substantial size : the first, second, and fourth about as 
large as our moon, but a good deal lighter, having 
respectively one third, two thirds, and half the moon's 
density ; and the third having a diameter and weight 
about half as much again as the moon, and three 
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times her bulk. That satellite also has nearly two 
thirds of the d^isity of the moon, and half as much 
again as Jupiter's own. These variations of density 
among the planets and their satellites are remarkable, 
following no apparent law whatever. 

Their distances from the centre of Jupiter are re« 
spectively about 6, pj, I5|, and 27 times his radius; 
which follow Bode's law very well, the diflTerences 
being successively about 3, 6, 12. Consequently the 
first appears to people on his surface (if there are any) 
about as large as our moon does to us, the second and 
third about half as wide, and the fourth a quarter as 
wide, or one i6th as large. But the largest of Jupiter's 
moons has only the 11,300th of his mass, while our 
moon is nearly one 80th of the earth. Their elements 
are more fully given in the table at the end of the 
book. 

They all move so nearly in the plane of Jupiter's 
orbit (which also nearly coincides both with his equator 
and our ecliptic) that they are eclipsed every time they 
pass, except that the fourth escapes sometimes. And 
they, like our moon, always show the same face to their 
planet. The largest of them looks rather less than 
Neptune, and the apparent diameter of the smallest, at 
our mean distance from them, is under i\ 

The period of the first is 42^ hours, of the second 85^, 
of the third 172I, and of the fourth i6d. i6^h. ; so that 
the periods of the first three are successively a- very 
little more than double of each other. And from that 
coincidence of periods several remarkable consequences 
follow. Whenever the second and third are in con- 
juDctioD, the fijTst is exactly opposite to them; and the 
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place for conjanction of the first and second will be 
opposite to that for the second and third. Consequently 
they cannot all be either eclipsed from the son, or 
hidden from ns by Jupiter, or made invisible by being 
in front of his disc with the sun shining on both it and 
them. But two may be eclipsed or hidden while the 
other is so made invisible ; and as the fourth may be 
anywhere, that may also be invisible at the same time in 
any of those three ways ; but that happens very seldom. 

Another consequence is, that all the three orbits are 
mutually affected by the disturbances, or strongest 
mutual attractions, constantly recurring at the same 
place for the first and second, and at the opposite place 
for the second and third (which aggravates the effect 
upon the second). The effect is to make the first and 
second orbits ellipses with the apses always on the line 
of conjunctions ; and a kind of secondary major axis or 
pair of apses of the third orbit also : only that happens 
to have a larger independent eccentricity of its own in 
another direction. But the perijove of the first and the 
apojove of the second are at their place of conjunction ; 
and the second's perijove and the third's apojove are at 
their conjunction ; or the three orbits are pushed away 
from each other at the two places of conjunction. 

But the periods are not ettadly double of each other ; 
and that makes the line of conjunctions and of apses 
revolve slowly backwards, as each conjunction comes a 
little before the place of the last ; and it takes 486^ 
days for them to work round, which make 68 periods of 
the third satellite, and 137 of the second, and 275 of 
the first. This is something like the * great inequality ' 
of Jupiter and Saturn (p. 222) : indeed tiiis is relatively 

B 2 
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greater, for it takes many more periods of the disturbed 
bodies to work round. Moreover here every conjunction 
falls near the same place, but only every third conjunc- 
tion of Jupiter and Saturn, and the two intermediate 
ones rather counteract than aggravate the effect. This 
subject is worked out at greater length in Airy's 
* Gravitation ' than we can afford it here ; and it is not 
an easy one# 

The satellites of Jupiter, and Saturn too, suffer an- 
other disturbance from the great oblateness of those 
planets^ and from Saturn's ring. A sphere would be 
turned into an oblate spheroid by shaving pieces off the 
poles and laying them round the equator, Two pieces 
taken from the pole and laid on the near and far sides 
of the equator will attract a distant body in the plane 
of the equator more than at the poles, because they are 
brought into the direct line of attraction ; and the one 
on the near side gains more by the shortening of its 
distance than the other loses by the lengthening it, as 
at p. 167. The other pieces removed from the poles to 
the equidistant sides of the equator neither gain nor 
lose in attraction. Therefore on the whole a sphere 
gains in distant attraction in the plane of its equator 
by being turned into an oblate spheroid, though the 
attraction at the equator is less because the distance 
from the centre is increased (p. 46). A fortiori^ if the 
spheroid becomes a flat plane, its attraction in that 
plane must exceed that of a sphere of equal mass : and 
if the middle, or most spherical part, of the plane is cut 
out, leaving a ring, the ring's attraction must still more 
exceed that of a sphere of equal mass. 

This excess must evidently bear some inverse relation 
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to the distance. In the case of a spheroid at a con* 
siderable distance it is demonstrable that it practically 
varies inversely as the square of the distance ; and that 
the distance of the first moon being 6 times Jupiter's 
radius, his attraction on it would be thus increased by 
nearly a 24th of his ellipticity, or a 408th, and wonld 
shorten its period an 8i6tb, if bis outside were as dense 
as his inside : which it is not, and therefore the efiect 
is less. The effect is less on the fourth moon, which is 
27 radii off, in the proportion of 6* to 27*, or not one 
20th as much. Therefore also each moon is less ac« 
celerated at apojove than perijove ; and that c<ymparative 
loss of attraction at apojove makes their apses advance 
as the greater loss of earth's attraction at apogee than 
perigee makes the apses of our moon advance (see 

p. 197). 

The spheroidicity of the earth produces similar effects 
on the moon, but too small to be appreciable in her 
period, because the earth is much less oblate than 
Jupiter, and our moon's distance is 60 times the earth's 
radius. But on the other hand, she goes much higher 
above the equator than his moons do, viz. 28^^ ; and 
consequently she suffers another disturbance in return 
for her disturbing our polar axis by nutation (p. 74). 
For the polar attraction of an oblate spheroid at a 
given distance falls short of that of an equal sphere 
twice as much as the equatorial attraction exceeds it, 
though the attraction at the pole is greater (p. 46). 
Therefore the earth's attraction on the moon is greatest 
when she is on or near the equator ; and thus she is 
disturbed both in latitude and longitude by the earth's 
ellipticity : which can be calculated from the amount of 
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these disturbances, and is found to agree with the result 
obtained by other means. 

Besides the eclipses of Japiter's satellites, and their 
oecuUatians behind him, they may transit over his face, 
either as dark or bright spots, according to the position 
of the sun, and according as they pass over a dark belt 
of Jupiter or a bright part of his face ; or they may 
cast their shadows as dark spots upon him while their 
bodies appear as bright ones, either on his disc or beyond 
it I cannot go further into these phaenomena, but will 
tell you of two discoveries made through these moons. 

Velocity of light discovered. — Some years after 
Galileo had discovered the satellites, which however 
are believed to have been known in very early times 
(see p. 224), their eclipses were observed always to come 
too soon when Jupiter was at his nearest to the earth, 
and too late when he was farthest off, which was 
certainly about half as far again, whatever the actual 
distances in miles might be, which were not then at all 
accurately known. The extreme difference between the 
early and the late eclipses was no less than i6m. 26s., 
a variation far too great to be tolerated or attributed 
to mistakes even in the early days of astronomy. 
Accordingly Homer, a Danish astronomer, in 1675, hit 
upon the solution that the light itself takes some 
definite time to come, and spends those 16^ minutes 
in coming across the whole width of the earth's orbit, 
or the difference between the nearest and the farthest 
distances *of Jupiter and his moons from us. There- 
fore the light takes 8^ minutes to come here from the 
sun, which is at half that difference of distances. We 
will now see how the longitude of places on the earth 
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may be found by means of Jupiter's satellites, besides 
another method depending on the moon. 

Finding the longitude.— The longitude of a place 
is simply the difference between the local clock time 
and the clock time of Greenwich, turned into degrees 
at the rate 4 min. to 1° (p. 1 1). The time of any 
place is that of a clock which is at 12 when the sun is 
on the meridian of the place, subject to the correction 
called the quotum of time, which is the same for all 
places, and is given in the almanacs for every day (see 
p. 78)« The time of noon at any place may be found 
from the fact that the sun is equally high above the 
horizon, and shadows are of equal length, at equal 
times before and after noon; besides other methods 
involving more mathematics, and by the stars as well as 
the sun. The beginning or end of an eclipse of a 
satellite of Jupiter, which happens very often, may be 
used as a common signal to be observed at Greenwich 
and the place in question, as much as if it were a rocket 
visible to them both, or the local time of day telegraphed 
to the other. Instead of the eclipses being observed at 
Greenwich, they are calculated for Greenwich time, and 
published several years beforehand in the Nautical 
Almanac; and so when you have observed the local 
time of an eclipse anywhere, you can at once see its 
difference from the Greenwich time. But after all this 
method is little used in navigation, because these 
eclipses cannot be observed accurately enough at sea. 

Longitude by Lunar Distances.— The apparent 
distance of the moon from the sun, or any convenient 
star, can be measured by the seaman's instrument, 
called a sextant, first invented by Newton, in which you 
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Bee one object coinciding with a second reflection of 
the other from two small mirrors, when one of them is 
turned through the proper angle, which you can then 
read off; and a man can hold it in his hands steadily 
enough.* This apparent distance has next to be 
turned into true distancey which means the apparent 
distance as it would be seen from the earth's centre, 
by calculations for which tables are provided ; and the 
local time of the observation must be taken-. The true 
distance of the moon from the sun and some suitable 
stars is given in the Nautical Almanac for every 3 hours 
of Greenwich time through the ye«ur ; from which the 
Greenwich time corresponding to the observed distance 
(reduced to true) can easily be found ; and its differ- 
ence from the local time of the observation is the 
longitude of the place. 

If you have some chronometers keeping Greenwich 
time, no other observation is wanted but that of the 
local time of noon, or of any star transit whose Green- 
wich time is in the almanac. It is not safe to rely on 
one watch, and if two differ you do not know which is 
most right; but three give a tolerably safe average, 
if they are good ones ; and of course the more you have 
the better. Sometimes a great many are used for fixing 
the longitude of important places, and are carried 
backwards and forwards between them and Green- 
wich. The parliamentary reward of 20,ocx>?. was given 
to John Harrison in 1767, for making the first chrono- 
meters that would find the longitude within 30 miles 
after a long voyage ; and they have been very much 
improved since then. 
* See Newton's paper in Ph« Tr. vol. 43, and Sextant in Engliah Gyc^ 
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Finding the latitude is a more straightforward opera^ 
tion, and there are several ways of doing it. For the 
latitude of a place is the altitude of the pole above the 
horizon, or the mean of the greatest and least altitudes of 
any star, or the angular distance of the equator from 
the zenith, along the meridian ; which is equal to the 
sun's zenith distance at noon, added to his declination 
or distance from the equator, or 90** minus his polar 
distance, which is in the almanac for every day. 



MEASUBINa OF DISTANCES BT PABALLAX. 

All the modes of measuring the distances of the sun, 
moon and planets (except by the velocity of light, 
which is capable of no great accuracy) depend on one 
principle, viz., that of ascertaining their parallax, or 
apparent change of position with reference to some 
other body when looked at from places far apart on 
the earth. Our two eyes unconsciously measure 
distances of things not too far off by parallax; i. e. 
when the distance between our eyes -7- the distance of 
the object is not too small an angle to be sensible. If 
you see anything straight behind a window bar with 
both eyes, you will see it on the right or left according 
as you shut the left or right eye, i.e. it is moved by 
parallax. That is the general meaning of the word, 
but it is conventionally understood that for objects in the 
solar system the two places of observation are to be at 
the distance of the earth's radius apart, or reduced 
thereto, so that ^parallax' when used alone means the 
angle represented by the earth's radius -f- the distance 
of the body. For example, the moon observed from two 
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places 7000 miles apart (reckoned through the earth) 
makes different angles with any star properly situated 
for measuring, i. e. in the same plane as the moon and 
the two places. Those angles differ by 108' or ^ ; and 
therefore the moon's distance is 34 x 7000 miles ; but 
what is conventionally called the moon's parallax is the 
angle not of this accidental 70CX) miles -7- moon's dis- 
tance, but of 40CX) miles so divided, which is 5/. It is 
best to use the longest distances apart we can, because 
that gives less risk of error. 

The distance of Venus, the nearest planet, might be 
got in the same way, but for the fact that she is never 
high enough above the horisEon, without the sun, to 
escape being so much affected by the refraction of our 
atmosphere that such observations could not be reUed 
on, and the parallax of Venus is always a very small 
angle compared with the moon's, and therefore a slight 
error affects it far more seriously. But Mars is free from 
that former difficulty, and there are times, as we have 
seen, when he is within 40 million miles of the earth, or 
not much farther off than Venus ; and though that is 
166 times as far as the moon, and therefore his parallax 
is 166 times less, still it is measurable with proper care. 
Mars is in this favourable position, of opposition to the 
sun, and as near as he can be to the earUi's aphelion and 
his own perihelion, nearly every 8 years. It was so in 
1862, soon after the first suspicion was entertained that 
the old distance of the sun and planets was overrated ; 
and advantage was taken of Mars's position then to 
get his parallax by numerous observations at places 
as far apart as possible near the same meridians, such 
as Greenwich and Melbourne, Pulkowa and the Cape of 
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Good Hope, &c. And the result was that all the ob- 
servations concurred in giving that parallax for Mars, 
which made the sun's distance nearly 92,000,000 miles, 
by the proportions known independently, as stated at 
p, 85. Another opportunity will occur in 1877, still 
more fietvourable than that of 1862. 

I there promised to explain how the proportionate 
distances are found independently of the actual distances 
of the sun and planets. The proportion of sun and 
moon's distances was the earliest attempted, by the old 
astronomers, but with very erroneous results. If it 
were possible to observe the time of exact half moon, or 
when the sun and earth are at right angles to the moon^ 
it could be done; because it is easy to measure the 
angle of their apparent distance from each other, and 
then the proportion between 9 and C is found 
by a very simple piece of trigonometry. But unfor- 
tunately the exact half moon cannot be known by 
inspection, nor even by calculation without first know- 
ing the sun's distance. If you look at apparent half 
moon through a telescope, or in a good photograph, 
such as those in Mr. Proctor's book on the Moon, or 
Nasmyth and Carpenter's, you will see that the better 
the means of observation are the worse the 'terminator' 
of light and darkness is in * definition,' being in fact a 
very rough and gradually shaded boundary instead of 
the sharp straight edge which it looks to the naked 
eye. TUs method therefore, which was invented by 
Aristarchus already mentioned (p. 42), gave a result 
ridiculously wrong, making the sun's distance only 19 
times the moon's. Another attempt by Hipparchus 
to measure the sun's distance by the time the moon 
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takes to go through the earth's shadow in a lunar eclipse, 
was and must be an equal failure practically, though it 
is theoretically right. 

The proportion between the distances of the sun and 
Venus or Mercury is easily found from their greatest 
* elongation,' i.e. their greatest apparent distance from 
the sun ; which is when lines from the planet to the 
earth and sun are at right angles, corresponding to 
half moon : only here we have the greatest elongation 
to tell us when they are in that position. In that 
rightrangled triangle then all the angles are known, 
because two are, and that gives the proportions of all 
the sides, though it tells nothing of their actual size. 
The exterior planets have no greatest elongation, 
except that of being apparently at an infinite distance 
from the sun at opposition. But as their periods are 
known, and therefore the proportion of their orbit gone 
through in a day, that can be compared with the daily 
portion of the sun's apparent orbit, and thus their 
distances can be compared. Or still better, now that 
we know from the law of gravity that the cubes of 
the distances of all the planets must vary as the squares 
of their periods, we can fix their proportionate distances 
at once. But they were found by observation and 
geometry long before that rule was known. 

The lunar equation. — ^The sun's distance however 
can be deduced from the moon's when we also know 
her mass to be '0123 of the earth's (p. 173). For the 
earth revolves every month round the c. g. of the earth 
and moon, which is 2895 miles from the earth's centre, 
as we found at p. 125. Consequently the earth is 
every fortnight alternately 2895 miles before and 
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behind its mean plfuje, and would appear to people 
in the sun to oscillate about its mean place through 
twice the angle of 2895 -f- sun's distance, instead of 
going uniformly. The sun does so appear to us to 
oscillate, and that is called the lunar equation, which 
is only another kind of parallax, or apparent change of 
place in a fixed body by reason of actual change in the 
moving one. That angle (measured from the mean 
position) is 6"'5 or 'cxx^sis, which =2895 -7- 92,ooo,cx)0, 
and that last figure is therefore the sun's distance. 
But unfortunately it is impossible to observe the posi- 
tion of such a large and bright body as the sun with 
anything like the same accuracy as a star, and there- 
fore this method is not capable of giving very accurate 
results. It may strike you as a further objection to it 
that the sun's distance is involved in calculatiug the 
moon's mass, from the tides and from nutation, as we 
saw at pp/7S, 173. But still this is not reasoning in 
a circle, because those calculations involve the cube 
of the sun's distance -f- his mass, and that is a fixed 
proportion, represented by the length of the year, 
whatever they may be separately. 

These various methods, and those mentioned at p. 85, 
and some others, all gave a parallax between S^'S/ and 
8"'943. The latter was generally adopted for a few 
years after 1862, but was suspected to be too large even 
before the late transit of Venus, and now there seems 
no doubt that the smaller one is nearer the truth. If 
you think that this looks a considerable difference, 
you may realise what it is by the fact that it is equal 
to the width of a shilling seen 44 miles off. And now 
we proceed to what is considered the most perfect^ 
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though the rarest, of all the modes of finding the son's 
distance, by a 

TRANSIT OF VENUS. 

This phsenomenon can only happen twice in 121^ 
years on the average, the two occasions being always 
8 years apart — ^if there are two, for occasionally one 
of the pair misses. Those of the last century were on 
6 June 1 761 and 3 June 1769, and the two of this 
century are on 8 Dec. 1874 and 6 Dec. 1882; and 
there are no more till June 2004 and 2012. 

This peculiar order of recurrence of the transits 
affects the manner in which it is usually (though not 
always) necessary to observe them, and therefore it 
should be explained. Venus's orbit is inclined 3° 23' 
(or -059) to the ecliptic, or that is her greatest helio- 
centric latitude (seen from the sun). But a transit 
cannot happen unless her geocentric latitude (seen from 
the earth) is less than the suii's apparent radius of 16'. 
(You must remember that celestial latitude is measured 
from the ecliptic, not the equator extended to the 
heavens.) Her distance from us at inferior conjunction 
is §ths of her distance from the sun ; or more exactly, 
her Sim's distance is 2*6 times her distance from us ; 
and therefore her heliocentric latitude must be within 
16' -r- 2*6 or 6' g" for a transit to be seen; and her 
heliocentric longitude or distance from the node, 
must be within 6 9"-f- '059 or 103'. Indeed it must be 
rather less ; for Venus's apparent diameter is then 39", 
or above a 6bth of the sun's, and a mere grazing of the 
sun's edge would hardly serve for a transit. So we 
may say practically that the transit limits are 1° 40' on 
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each side of a node or 3"^ 2cy altogether. Therefore 
while the earth is within that heliocentric angle we may 
see the transit, other things being favourable ; and as 
we go 59' a day, we may call the transit limits either 
3^ days or degrees as we please. At present we pass 
through Yenus's ascending node J2, where she rises 
from south to north of the ecliptic, on Dec 7, and 
the descending node tS on June 6. But they advance 
about i^ every 121 years in longitude from cp, though 
they recede 41' sidereally; but qp recedes loi' by 
procession in that time. Therefore the transits of each 
century come a day later than the last. 

A synodical period (p. 137) of Venus and the earth 
is 583*92 days, and the earth in that time goes once 
round the sun sidereally -f- 215% and Venus twiise 
round + 215°^ ; which is only i° short of f ths of 360°. 
Therefore the conjunctions may be said to fall on the 
spokes of a great five-spoked wheel, in the order 14253 1 
(making the figure called a pentagram), which wheel 
itself revolves backwards nearly 18' a year; so that 
every fifth conjunction, in every eighth year, falls on the 
same spoke, but the spoke has moved 142' backwards. 
Also when spoke i is at ft spoke 4 will be 36^ in advance 
of 89 and will work back to it in 121^ years, near 
enough for a transit. But the period between two 
transits (not of the same pair at one node) must 
evidently be some number of years divisible by 8, -f- 
half a year, because the conjimction must be at the 
opposite node. Therefore although 121 J years is the 
mean interval between each transit season, it may be 
either 8 years more or less; and that depends on the 
place in the earth's orbit where the transits happen, on 
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account of its different velocity at different parts. But 
it is unnecessary here to go into those minute details, 
which you will find in Mr. Proctor's book specially 
devoted to this subject, beyond saying that the 
December or perihelion transit season comes 113^ 
years after the June one^ and that is 129^ after the 
December one. 

It is necessary however to explain the conditions for 
a pair of transits. As the transit limits are 103' on 
each side of the node, and the eight-yearly conjunctions 
are 142' apart, it follows that if there is a transit more 
than 39' beyond the node in longitude, there is room 
for another before the node 8 years afterwards ; but if 
a transit is nearer the node than 39' there can be no 
other at that season. So that a very central transit is 
necessarily a single one. Further we see that the first 
of a pair of December transits must be a northern one ; 
as it must be after S2, or over the northern half of the 
sun, and the second a southern one ; and the first of a 
pair of June transits must be southern, and the second 
northern : the importance of which we shall learn 
presently. 

Though Horrocks, with his friend Crabtree, first 
observed a transit of Venus, on 4 Dec. (N.S.) 1639, and 
promised a treatise on finding the parallax thereby, 
he did not live to write it. That was left for another 
young astronomer to do nearly a century later, viz.: 
the celebrated Edmund Halley, afterwards Astronomer 
Boyal. It is true that James Gregory in his Optica 
Promota in 1633 had proposed a method which some 
writers have called equivalent to Halley's; and I 
followed their authority in the early editions, until J 
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saw Gregory's book and foand his method to be entirely 
different, and useless : indeed he admits himself that it 
wonld be difficult. Ealley's paper is in Latin in the 
PhiL Trans, of 17 16 ; and it is singular that the method 
there proposed is really not that which is always called 
by his name, though they agree in using the difference 
of durations of a transit as seen by the parts of the earth 
farthest north and south of the ecliptic at the time : 
but Halley contemplated a very central transit, and his 
method, or that called his, is best for a very eccentric 
one, and generally (but not always) best for the second 
of a pair» This last, of Dec. 1874, was a striking excep- 
tion to that rule ; and that of 1882 will be also, because 
there are unfortunately no accessible antarctic places 
suitable for Halley ian obseryations of it. In 1769 his 
method was used, but it was unsuitable for 1761. 

The principle of it is this. The people at the north 
of the earth (from the ecliptic) see Venus projected 
rather lower on the sun than those in the south; and 
therefore they see a northern transit lengthened, and 
a southern one shortened^ and yice versa; neglecting 
the earth's rotation for the present. The difference of 
the lengths of the two transit paths is accurately 
represented by the difference of the times they take, 
and the difference in lengths gives the distance be- 
tween the two paths by very easy geometry. This 
requires no very exact knowledge of the longitude of 
the places, nor of the local time, but only the duration, 
which will be given by a clock that goes decently for 
a few hours. But we also want to know the time that 
a perfectly central transit would take, and luckily we 
can find that without knowing the sun's real distance 

6 
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or diamet^. For Yenus with her sh&dow sweeps round 
him at the rate of 96' a day, and the earth 59', and so 
the shadow would appear to people on the sun to pass 
the earth at the rate of sf a day. But the same 
linear motion of Yenus which appears sf at the sun 
appears 2*6 times as much here, or 96' (another merely 
accidental coincidence with the other 96'). The sun's 
apparent diameter is exactly a third of 96' (not that a 
transit can happen with the sun at mean distance, as they 
must be in June or December), and therefore a central 
transit would take a third of a day or 8 hours. It is 
very easy to calculate the distance between two parallel 
chords representing the number of hours of observed 
duration in a circle whose diameter is 8 hours. Suppose 
that distance is found to be = a 48th of the diameter ; 
then if the places of observation are at the distance 
of 6795 miles across the ecliptic* the distance of the 
transit paths must be* 2*6 times that, or 17,869, and 
consequently the sun's diameter 48 times that, or 
^S7»7^^l A^d bis distance we know is 108^ times his 
dian^ter, or 92 million miles. 

The transit paths can now be photographed, by a 
series of observations of Yenus as a travelling spot, 
and the distance between them measured afterwards by 
comparison of the photographs magnified. Indeed a 
very few, or even one, observation of the transit when 
nearest its middle at each place will do, if they are 
properly selected, in the way which Mr. Proctor sug- 
gested, so as to make errors of centrality affect the 
result least; i,e. they should lie in a plane through 
the sun's centre. Many photographs were taken of 

* I Bay the eeliptio for eitnplicity, b«t the real plane is that of 
YeauB's apparent motion for the time. 
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the last transit, and those results are probably as 
Taluable as any. At any rate they hare the great 
advantage of being free from all ' personal errors ' of 
observation : for it is well known that different persons' 
senses observe the same phsBnomenon with different 
rapidity, especially when it is not a very dktmet one, 
like Venus entering or leaving contact with the sun* 
Direct measuring of the distance of Yenus from the 
sun's centre is impossible, because the sun's centre 
is not marked for us, and it cannot be determined very 
accurately from the bright dreumferenee. 

It is evidently impoirtant to select such places as will 
make the difference of duration of the two transits seen 
as great as possible, so that any errors of observation 
may affect the result as little as possible. Either the 
northern or the southern station must be in its winter, 
with all the risk of cbuds and. fogs. Fortunately 
however it is seldom necessary to go so near the pdie 
which is in winter as to the one that is in summer ; 
jEor the illuminated or transit-seeing hemisphere indndes 
the pole which is leaning towards the sun, or is in itff 
summer, but does not come near the other* Still there 
is great risk of fogs even in summer within or near the 
arctic circles ; and so a good many places must be 
chosen to improve the chances of success. Moreover 
the earth's rotation complicates the problem, and some- 
times helps and sometimes hinders the difference of 
duration. And again, that effect of rotation may be 
overbalanced by other circumstances, according to the 
direction in which the transit shadow sweeps oyer the 
earth : which we shall find was a very important con** 
sideration in the late transit. 

s 2 
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Let us first take a southern transit over the sun in 
December, which we saw at p. 256 must be the second of 
a pair. The south pole is then turned towards the sun ; 
so that places behind that pole, as we may call them^ 
can see the sun and the transit, because they are then 
in the condition of having no night. And even beyond 
the antarctic circle for some distance they may see the 
beginning and the end of the transit, though they have 
their short night in the middle of it; but the beginning 
and the end are enough for measuring the time. Now 
the people in the south see the longest path of a 
southern transit on the sun, independently of rotation ; 
and the effect of rotation is to carry those at the back 
of that pole, who are then going by rotation the same 
way as the earth in its orbit, along with the shadow of 
Venus over the earth, though not so fast as the shadow 
goes, and so it makes their transit longer still, and 
increases the difference between that and the one seen 
from the north. 

But in the first of a pair of transits all that is 
reversed, and the rotation diminishes the difference 
of duration to the people at the back of the pole com- 
pared with that in the other hemisphere, and therefore 
such observations are of no use; although that may 
be compensated in another way in a very eccentric 
transit as we shall explain presently. Accordingly 
it was found, as 1761 approached and the position of 
Yenus's nodes was ascertained, that the duration method 
would not do; and another was invented by Delisle, 
whose name has been similarly attached to it. It may 
be roughly described as taking the east and west 
parallax of Venus instead of the north and south. We 
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have now no more to do with transit paths on the snn, 
bat the beginning of the transit is observed as an 
independent phaenomenon from somewhere on the east 
side of the earth for the time, where it is seen earliest, 
and somewhere on the west side^ where the transit 
begins some minutes later. The end of the transit 
may be observed as another independent phaenomenon 
4 or 5 hours afterwards from two other places near 
the eastern and western edges of the earth then. This 
looks very simple, but it has the disadvantage of 
requiring the longitudes of the places of observation to 
be known far more accurately than Halley's, and also 
the exact local time of the beginning or end of the 
transit, which may not be found accurately unless the 
weather has been fine very recently. 

Delisle's method has to be applied thus. Yenus 
with her shadow sweeps round the sun 96' a day, 
and the earth 59'; and therefore the shadow would be 
seen from the sun to overtake and pass over the earth 
at the rate of 37' a day or i"'54 a minute. Suppose 
that in a central transit (for simplicity) the * ingress ' 
begins 11 minutes earlier at the extreme east of the 
earth or sunrise, than at the extreme west or sunset. 
Not that observations so close to the horizon will really 
do, because they are distorted by the refraction of the 
air; and we must be' content with places less than 
the earth's diameter apart ; but the proportions would 
remain the same. That makes the earth's diameter 
II X i"'54 or if'7i as seen from the sun, which is 
only another expression for *ocxx)86 of the sun's distance 
(p. 9) ; which is therefore the earth's diameter divided 
by that decimal, or about 92,ooo,(XX) miles. But you 
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see the 1 1 minutes' difference is taken at two places 
right across tbe earthy and we must know their loDgi- 
tudes exactly, as well as the two local times, to get 
the true differences of time and position. An error 
of only a second might make tkat observation worse 
than useless for correcting <mr present almost certain 
knowledge of the sun's distance. Accordingly Delisle's 
mediod has always been regarded as the second best, 
and decidedly inferior to Halley^s whenever that is 
«uitable: in fact I know of no book on astronomy 
where it was ev^i described, nntil lately in the dis- 
cussion which I must advert to presently. The calcu- 
lations for an eccentric t^nsit are of course less simple, 
but it is not necessary to explain them here. 

The Delisle observations of 1761 differed so much 
from each other 'that they could not be relied on ; for 
though some of them turn out now to have been right, 
it was impossible to know then which they were. The 
sun's distance had been estimated before that, by other 
methods, at about 90 million miles (see p. 85), and «o it 
remained undisturbed by the results of the 1761 transit, 
until the unlucky mistake in the deductions from the 
observations of the 1769 transit, which was suspected 
in 1854 and had become all but certain before 1857; 
or more probably in some of the observations. None 
of the proposed explanations of the mistake are now 
considered satis&etory : so I do not repeat them. 

The phases of a transit which are best for all except 
photographic observation are the first and last internd 
contacts of the black spot of Venus with the bright disc 
of the sun; and these are shortly called ingress, which 
means completed ingress, and egress, which means 
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egress just' beginning. But herein lies the difficulty. 
Apparent internal eontact isnot real, on account of that 
quality called WTijMaiiony which makes a bright body 
always apparently encroach on a dark one, so as to 
make the bright one larger, and the dark one smaller, 
and therefore diminishes the size of Venus seen against 
the sun, while the sun himself is enlarged (p. 117). 
But until the real Yenus has got within the real sun she 
hangs on to his edge, by a * drop,' or * ligament,' which 
gets thinner and thinner until it becomes a fine line and 
breaks. In like manner egress begins with sudi a line, 
which thickens until the black spot appears to be just 
at internal contact with the sun. At any rate this 
appears so to some observers and with some telescopes ; 
but the late transit was less affected by this difiSculty 
than was expected from preyious experience. This 
hanging on varies as to time with the obliqueness of 
ingress and egress, which depends on the distance of the 
transit from the sun's centre ; but in an average transit 
it lasts somewhere about 20 seconds ; in a central one 
it is less. It also varies with the state of the atmosphere 
and the character of the telescope, lasting several 
seconds longer when the sun is bright than when it is 
dim, though of course it ctknnot be actually cloudy for 
a transit to be seen at all : so that unfortunately the 
real internal contact cannot be identified either with 
the breaking of the drop or any other phase of it. 
Even where there is no 'black drop,' apparent contact 
is not identical with real, for the irradiation exists 
still ; but the difference may be constant, and there- 
fore immaterial. 

The controversy between Sir G. Airy and Mr. 
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Proctor as to the best mode of observing the 1874 transit 
is as much a part of the history of astronomy as the 
proceedings in the discovery of Uranns, and the con- 
ditions of the problem cannot be understood without 
some account of it. 

Sir G. Airy told the R A. S. in a paper of 1857, and 
still more strongly in another of Dec. .1868, that^Halley's 
method would be inapplicable to the 1874 transit, 
because it is the first of a pair, and so no advantage can 
be taken of the earth's rotation, as I have explained 
already. For the same reason he said it would be 
applicable in 1882, and suggested Sabrina-land as an 
antarctic station for it, in another paper of June 1864. 
In 1868 he expressed some doubt whether that would 
be suitable in point of climate, but strongly urged that 
an exploring expedition should be sent to ascertain that 
point. Several Admiralty and other naval authorities 
at once supported him, and said there was no insuperable 
difficulty in such expeditions, and expressed full con- 
fidence in its being undertaken. Bepresentations to 
the Admiralty were duly made, and it was understood 
and stated that the expeditions were to go ; but that 
the 1874 transit was to be observed by Delisle's method 
only, as the A. B. said Halley's was unsuitable* 

But a month after the publication of that paper of 
1868, viz., in March 1869, Mr. Proctor, then a young 
man much less known than now, astonished the B. A. S. 
by announcing that he had found the Astronomer 
Boyal's conclusion that Halley's method * fails totally 
for 1874,' was itself totally erroneous ; and that on the 
contrary that transit would be on the whole singularly 
well adapted for it, giving larger differences of duration 
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than that of 1769^ or any other of which the elements 
are yet known. He further said that sending antarctic 
expeditions for Halleyian observations in 1882 would be 
a perfectly useless waste of money and risk of sailors' 
lives^ because the sun will be too near the horizon 
for any reliable observations at the places proposed, 
and no other suitable ones would be accessible. M. 
Puiseux, of the French Board of Longitude, also dis« 
puted Sir G. Airy's conclusions as to 1874, but not so 
decidedly. 

In a further paper Mr. Proctor gave the mathematical 
proof of his conclusion about the 1874 transit. It 
was questioned on one point by Mr. Stone, which he 
answered, and his accuracy was no further questioned, 
either by Mr. Stone or any other mathematician in 
England or elsewhere. No public notice however was 
taken of this striking contradiction, beyond dropping 
the projected antarctic expeditions for the 1882 transit. 
As 1874 drew near, Mr. Proctor began to write 
again upon the subject, but still without the least 
notice from Sir G. Airy, until it was proposed and 
carried in the Council of the E. A. S. to give the 
Society's medal to Mr. Proctor for this and his other 
labours. Then he wrote a letter deprecating the con- 
firmation of the award, and depreciating Mr. Proctor's 
work as much as possible, but still not disputing its 
accuracy, nor explaining how it could be unimportant 
unless it was wrong. Nevertheless the award was con- 
firmed by a larger majority, of 2 to i, though not 3 to i 
which the bye-laws require. 

Shortly after this there were articles in the * Spec- 
tator ' and the * Times ' calling public attention to the 
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risk the nation was ranning of a more ^discreditable 
miscarriage than that of 1769^ by wilfully neglecting 
what every astonomer had considered the best mode 
of observation, provided it is applicable. Mr. Proctor 
afterwards avowed the anthorshipof the former of these^ 
and the latter was gnessed by many persons to be mine. 
Neither of ns had any idea that the other was writing 
at the same time. Thereupon the Admiralty did 
actually move so far as to ask Sir G. Airy for an 
answer to these articles ; and he wrote one and read it 
to the R. A. S. in March 1873. He no longer main- 
tained the inapplicability of Halle/s method, but 
argued that it would be on the whole inferior to 
Delisle's; and took up an entirely new ground, of cli- 
matical objection to the best stations for astronomical 
results both in the extreme north and south ; especially 
the proposed Siberian ones, which he did not believe 
Russia would undertake with the very small probability 
(as he assumed) of fine weather there in December. It 
turned out however that both the probability and the 
fact were the other way, and most valuable observations 
were got there. He also quoted Dr. OppoLBer of Berlin 
for the not very novel remark that longitudes for 
Delisle's method can be found more accurately now 
than in 1761, when it practically failed. But the risk 
of error in the kical time remains. 

Mr. Proctor immediately replied, with a table of 
numerical results for the combination of every pair of 
stations in the world which had been suggested, which 
showed a considerable superiority in Halley's method 
in several of them. Not that it really signified whether 
Delide's were us good as Halley's^ as he had never 
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proposed to abandon Delisle's, but only not to abandon 
Halley's, or north and south observations by photo- 
graphy, using each at the best places for them. As to 
the elimatieal objection for the sonth^ he merely ^ited 
the nayal opinions which had been so promptly given 
in favour of antarctic expeditions when Sir O. Airy 
wanted them. One of those naval authorities indeed, 
the thai Admiralty Hydrographer, wrote to the * Times ' 
to say, in short, that he had changed his mind, and 
now agreed with the A. B. in condemning an antarctic 
expedition; as he had agreed with him in 1868 in 
recommending it : a truly valuable opinion. 

The Admiralty — ^i. e. Mr. Goschen the First Lord 
thereof — ^thought they had done quite enough by 
consulting the Astronomer Royal as to whether the 
Astronomer Boyal was right or wrong, and told Par- 
liament that they meant to follow his advice, and have 
no Halleyian observations. They had been furnished 
with Mr. Proctor's reply ; but it is not the nature of 
oflScial people to regard such things, even to the 
extent of referring the matter to some independent 
authority, as had been urged in the newspapers. 

But by this time astronomers in general had begun 
to be alarmed; and after some unpublished correspon- 
dence (which I had not heard of when I wrot« a 
summary of these proceedings in the * Times ' of 2 Jan. 
1874^ in a letter with my name — ^none of the later 
articles were mine, or Mr. Proctor's, except letters with his 
name) a resolution was moved by Professor Adams and 
imanimoudy carried at the Greenwich Visitation in 
June 1873, that an ^ application be made to the Govern- 
ment for the means of organising parties of observers 
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in the Southern Ocean with a view to finding ad-^ 
ditional localities for observing the whole duration of 
the transit,' i. e. for Halleyian observations.* This was 
rather too weighty a communication for the Admiralty 
to extinguish with the dictum of their Astronomer 
Eoyal^ and they agreed to send the required expedition, 
notwithstanding their Hydrographer's apprehensions, 
which it is gratifying to find were not realized. 
Halleyian observations of the transit were also at 
last settled to be made at several places both by us 
and other nations. Indeed other nations, and notably 
America, had rejected Sir G. Airy's views for Mr. 
Proctor's long before. Mr. Proctor publicly expressed 
his satisfaction at this result, and also that some Indian 
observations were to be made, which he had proposed 
and the A. E. had expressly rejected, both in his 
letter to the Admiralty and before. Nevertheless in 
a letter to the E. A. S. Council he denied that any 
alteration had been made in his plans : which state- 
ment, with the whole matter, I leave to the reader's 
reflections, as I did the history of Neptune. 

It is however necessary to explain how his original 
mistake came to be made ; or rather, how it happens 
that Halley's method can be the best for a transit in 
which no advantage can be taken of the earth's rotation. 
The answer is the usual one, that the mistake arose, not 
from miscalculation, but from not taking due account 
of all the circumstances ; i. e. in this case, of the peculiar 
manner in which this transit sweeps over the earth on 
account of its great eccentricity on the sun ; for Venus 

* In the B. A. S. * Notioes ' it is incorrectly added that < the A. B. 
made this application at the suggestion of the Board of Visitors.' It 
was made hy the President of the B. A. S., as chairman of the Board. 
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would be nowhere nearer to the sun's centre than /-Sths 
of his radius. We must consider then how the earth 
enters and emerges from that imaginary ring, or rather, 
conical shell in the heavens, where the outer edge of 
Venus just hides the circumference of the sun ; which 
we may shortly call the shadow-ring at the distance 
of the earth. The 'whole of Venus would cast a ring of 
shadow from the sun's circumference, considered as a 
mere bright ring, about 2\ as thick as her own diameter ; 
but as we only want internal contacts, the ring we have 
to deal with is a mere circle of no thickness, but with a 
diameter about § of the sun's, or 42 times the earth's 
diameter. 

We may treat Venus, Sun, and shadow-ring qjs 
stationary, if we give 
all the relative motion 
to the earth, which will 
then go through the ring 
as in this figure, looking 
at the sun. For making 
maps of the earth during 
the transit, such as Mr. 
Proctor's, it is necessary 
to look from the sun, 
and then of course the 
direction is reversed. 
The earth goes as much below the centre of the shadow- 
ring as Venus goes above the sun's centre, and I have 
exaggerated the size of the earth in the four small 
circles at I (ingress) and E (egress) to show more 
clearly that the upper left hand or north-eastern 
parts of the earth for the time first enter the ring, 
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or see ' ingress most accelerated by parallax/ and tke 
south-western parts enter last, or see it most retarded. 

The ring is so large compared with the earth that 
the piece of it which sweeps over the earth is almost 
a straight line; and as the earth only takes some 25 
minutes to pass through it, the latest ingress is seen 
by nearly the antipodes of those who saw the earliest. 
I do not represent the apparent obliquity of the path 
of Yenus over the sun, which is usually and rightly 
given in pictures of the transit, because it has nothing 
to do with the obliqueness of entrance and emergence 
on the circumference, which depend solely on the ec- 
centricity of the transit. That apparent inclination 
of the path is due to the inclination of Yenus's orbit 
to the ecliptic, which is exaggerated by her apparent, 
daily motion in longitude being reduced by the earth's 
motion from 96' to 37', while the latitude is not reduced, 
and also due to the slight inclination of the earth's 
axis to the right at that time, which would be none 
if it were exactly at the solstice. Her latitude and 
longitude are equally affected by distance. This 
picture will agree with the usual ones if you incline 
the page nearly 15° to the right. 

At egress E, the converse of all this takes place, and 
the earth having turned some way round in the 3^ 
hours which its centre takes to cross that chord of the 
ring, the first places that see egress are those on the 
south-east side of th^ earth at that time ; and their 
north-west antipodes (nearly) see the latest egress. 
Then the only proper way to select places of observation 
is to make two maps of the earth at (mean) ingress 
and egress, and to find by trial what places in the north 



Digitized 



byGoogk 



Summary of Results of 1874. 271 

combine tlie earliest ingress "with the latest 'egress and 
what places in the south combine the latest ingress 
with the earliest egress ; and all pairs of such places 
will give the best results for the Hjallejian method. 
By this process rotation and eyerything else has been 
taken into account in a way that is impossible by any 
general or d priori reasoning. 

Mr. Proctor shows that between properly selected 
places the combined difference in 1874 was 33 minutes, 
whereas it was only 24 in 1769. So it turns out that 
this was a singularly favourable transit for Halley's 
method, its great distance from centrality prepon* 
derating over the loss of any advantage from the earth's 
rotation, which cannot benefit the first transit of a pair. 
In 1882 unfortunately the double advantage cannot be 
gained, for the reason given at p. 257. 

The second edition of Mr. Proctor's * Transits of 
Yenus ' contains a summary of the disappointments and 
successes of the late observations, and on the whole the 
successes appear to have been as numerous as could 
fairly be expected under the uncertainties of weather. 
It appears that the Delisle observations were the most 
unlucky of the three kinds I have mentioned. And 
though the Astronomer Boyal is not responsible for the 
weather, it would have been an aggravation of our 
failure and ^ international ' disgrace if we had persisted 
in taking no observations except those which the weather 
happened in a great measure to defeat. The Halleyian 
and mid-transit photographic observations on the other 
hand are said to have * given a series of excellent results.' 
Among the latter should be especially noticed those 
obtained by Lord Lindsay in an expedition to the 
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Mauritius fitted out by himself at great expense, as he 
had previously done for the eclipses of 1870 and 1871. 
One of the many curious phaenomena of this transit 
history was the Astronomer Eoyal's refusal, in his 
answer to the GoTemment and the newspapers, to 
recognize Lord Lindsay's expedition as being anything 
more than a hope that a private astronomer would do 
something equivalent to what he had advised the 
Government to do, so as to set free a ship for employ- 
ment elsewhere. As a deduction however from these 
last successes, Mr. Proctor mentions the strange omission 
to provide for mid-transit observations at the best place 
for them in the southern hemisphere, Cape Town, 
though we have a most able local astronomer royal and 
an observatory established there. 

I have already given throughout the book the 
conclusion as to the sun's distance, so far as the results 
of the transit have been yet worked out. It is a little 
unsatisfactory that they do not quite agree with the 
figures which had been adopted from other methods in 
the last ten years; and the observations of Mars in 
1877 are looked for with the more anxiety, as well as 
the remaining transit of 1882. 

Transits of Mercury are much more common, oc- 
curring at intervals of 7 and 13 years ; but the same 
cause which makes them more common makes them 
useless for finding the sun's distance, viz. Mercury 
being twice as near the sun as Yenus is, and twice as 
far from us; which makes the distance between the 
transit paths four times less than for Yenus, and much 
more than four times less likely to give accurate results 
for the sun's diameter or distance. 
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All astfonomical observations, except those for finding 
a parallax, have to be corrected for the earth's parallax, 
or as it is called shortly — ^parallax, or the distance of 
the observers from the earth's centre. Otherwise the 
observations made and recorded at one observatory 
would be unintelligible and useless at any other. By 
that correction they are * reduced ' to the earth's centre 
asacommonpoint for all observations alike. We have 
now to consider two other corrections which have to be 
made before any observation can be considered complete, 
and in a state fit to be recorded for future use. 



ABBBEATION AKD REFRACTION. 

The stars and sun and planets are apparently dis* 
placed, or are seen in wrong places, from another cause, 
called aberroition. The discovery of it by Bradley in 
1727, the year that Newton died, was a consequence 
and confirmation of the previous discovery, that Ught 
takes a definite and measurable time to come from the 
sun and planets ; not that the planets have any light of 
their own, but only reflect the sun's, as the moon does, 
subject to what is said of Jupiter and Saturn at p. 219. 
We may explain aberration thus : — If you are running 
wheh the rain comes down straight without any wind, 
you get wet in front and not behind, and the rain beats 
against you as it would if you were standing still and 
the wind blowing in your face. And if you carry an 
empty telescope tube pointed straight up, the rain will 
not fall through it, but will strike against the back 
inside : if you want the rain to fall through, you must 
slope the tube forwardbs, more or less according to your 

T 
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velocity forwards compared with that of the rain down- 
wards. Then for rain substitute light, and the motion 
of the earth for your own running, and you know what 
aberration is. 

Therefore whenever we are moving directly across 
the light from any star, it appears before its true place 
by 20", which = -cxxx)! (see p. 9), and is the proportion 
of the velocity of the earth to that of light (p. 85). 
^Before' means in the direction the earth is going; 
^nd if you look at p. 235 you will see that that moves 
a littlp to the right, and so diminishes the angle 
Se0, or E00, or earth's heliocentric longitude, or 
sun's geocentric longitude, by 20" always. The earth 
would only be seen by any star in the ecliptic to 
oscillate half-yearly; and therefore such stars move 
backwards and forwards 40" by aberration every year. 
But stars near the poles of the ecliptic would see the 
whole of the earth's orbit as a circle (neglecting its 
insignificant ellipticity), and so they d^cribe a circle 
of aberration 40" in diameter. All other stars have 
their aberration circle foreshortened into a perspective 
ellipse, with a major axis of 40" lying across the line 
to the earth, and the minor diminished acceding to 
the star's latitude or distance from the ecliptic^ where 
the ellipse sinks into the line of oscillation. 

This aberration or annual revolution of all the stars 
in various little orbits of their own, according to their 
distance from the ecliptic, affords the only direct proof 
that the earth goes round the sun, and not the sun 
round the earth. It was absurd enough to suppose, as 
the ancients did, that all the stars go round the earth 
daily as if they were fixed in a frame with its axis 
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throngh the poles of the earth ; but it is utterly in- 
conceivable that they should all haye such peculiar 
indiyidual orbits besides, as would be necessary to 
produce the visible effects of aberration with the earth 
stationary. This motion however is too small to have 
been visible before the days of telescopes. 

Refraction.— There is yet another correction to be 
applied to most telescopic observations before they can 
be said to have given the true place of a star, as it 
would appear from an earth no bigger than a point, 
quite still, and without an atmosphere to bend the rays 
out of a straight line. For this is what the atmosphere 
does, and it is called refraction. If you hold a straight 
stick any way but upright in a trough of water, it 
appears to be suddenly bent upwards, or farther from 
upright, with an elbow at the surface of the water, and 
the trough itself looks less deep than it does when it is 
empty ; so that if you stand where you cannot quite 
see the bottom of the trough empty, you will be able 
to see it when it is fulL And conversely, if your head 
were under water all things outside of it would appear 
elevated. 

The reason is, first, that you see everything in the 
direction of the rays as they at last reach the eye, by 
whatever road they have come, as things seen in a mirror 
appear to be behind it ; and secondly, the rays of light 
are always bent towards the perpendicular in the denser 
of two mediums which they pass through obliquely. 
Consequently anything in the water is seen by rays in 
the air more oblique than those which started from it 
in the water, and so it appears lifted. Again, as air is 
denser than empty space, though very much thinner 

T 2 
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-than water, the rays which oome to ns from the stars 
are bent towards the perpendicular, and so they appear 
higher than they are, except when they are already as 
high as possible, or in the zenith. And the snn and 
moon always do, since they are never in our zenith ; 
and the lower they are the more they are raised by 
refraction. For the law of refraction is that the distance 
of any point of a ray from the perpendicular to the 
surface, in the second of the two given transparent 
mediums, always bears a fixed proportion to what the 
distance of the same point would have been if the ray 
had not been bent aside or refracted. This is shortly 
expressed to those who know a little trigonometry by 
saying that the sine of the angle of incidence bears a 
fixed proportion to the sine of the angle of refraction, 
depending on the nature of the two mediums. 

Besides this, the density, and therefore the refraction 
of the air decreases upwards, as you may see by taking 
a portable barometer up a mountain; so much that, 
although an atmosphere of uniform density and of the 
known weight of 1 5 lbs. on the square inch would only 
reach 5 miles high, it does in fact reach about 8o, 
Consequently the rays are not bent with a single elbow, 
like the image of the stick in water, but into a curve, 
continually getting more upright as they approach the 
earth, and you see the star in the direction in which 
the rays at last reach the eye. Moreover the lower the 
star is, the more obliquely the rays enter the air, and 
the more they ate bent. Eefraction is also diminished 
by heat, as that expands the air and makes it thinner ; 
and it increases with a rise of the barometer, which 
indicates increased density in the. air, and so it can 
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only be found and applied by tables, which have been 
prepared from long experience. Sir G. Airy calls 
* refraction the bane of astronomers,' because it can-« 
not be calcolated with certainty, like aberration and 
parallax. 

The average amount of it for objects half way up 
from the horizon to the zenith is about i', but at the 
horizon it is as much as 33', which is rather more than 
the apparent diameter of the sun or moon. (Con- 
sequently they have really set, or have not risen, when 
they appear to be just above the horizon, being lifted 
their whole height by refraction; and the moon may 
be totally eclipsed with the sun apparently above the 
horizon, though the earth is really straight between 
them. From the same cause the French clifiB, and 
even ships on the sea near them, can be seen from the 
English coast in some states of the atmosphere. There 
IB no refraction sideways, and it increases so rapidly 
towards the horizon, that Uie lower edge (or linA^ as 
they call it) oS. the sun or moon is lifted rather more 
than the upper, and therefore they do not appear quite 
ifound, but visibly broader than high when they are 
just rising or settings and yet not exactly elliptical, but 
more flattened at the bottom than the top. 

Their appearing larger at the horizon to the naked 
eye is only an optical delusion ; for in ietct they appeal 
smaller, as the vertical diameter is diminished by 
refraction and the horizontal one is not increased. The 
delusion is generally attributed to our being able to 
compare them at the horizon with things on the earth. 
But I doubt if this is the proper explanation ; for it 
is equally the case when it is too dark to see anything 
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bat the moon itself just rising, and at sea, where them 
is nothing else to be seen. You may obserre too that 
a man looks much larger against the horizon on the 
top of a hill than when you are at the top and he 
is at the bottom. I believe the reason is that when things 
are on the horizon we compare their linear dimensions 
with the length of horizon which the eye takes in^ 
but that in the middle of the sky or earth we compare 
the area they cover with the area the eye takes in. 
Assuming the eye to see distinctly over 30° of apparent 
width, the moon on the horizon covers one 60th of that ; 
but when it is high up it only fills the 3600th of the 
area of sky which the eye sees all around it. Between 
these two extremes some compromise is made un« 
consciously, and a different one by different people's 
eyes. 

Another theory has been propounded, that the en- 
largement of the sun and moon on the horizon is due 
to a peculiar effect of the red rays on the eye, which 
then evidently preponderate, from the greater absorption 
of the other colours by the atmosphere. But if so, the 
red sun in a London fog ought to look larger than the 
white sun in a damp fog : which it does not. 

From another cause the moon really measures less 
when she is rising or setting ; that is, when we are just 
coming into or going out of sight of her. For the parts of 
the earth to which the moon is just rising or setting 
may be farther off by half the earth's diameter than 
the places full in front, which have the moon on their 
meridian; and the earth's radius is one 60th of the 
moon's distance. Therefore her diameter will appear 
one 60th less, and her whole disc about one 30th less to 
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the places farthest off, which can just see her, than to 
the places nearest. But the difference of the earth's 
radius is practically nothing in the distance of thesun, 
and therefore you cannot say that the sun appears 
smaller on the horizon than on the meridian, as the 
moon does, except from refraction. 

Twilight is also caused by the air, but not in the 
same way as refraction. When the sun is not more 
than about 15° below the horizon his rays are a little 
reflected down to us from the vapours and other small 
particles of matter in the air. The more obliquely the* 
sun goes down the longer he takes to get aa low as 15^ 
below the horizon, and consequently twilight lasts longer 
in high latitudes than within the tropics, where the sun's 
path may be vertical or through the zenith at noon, 
and is quite so in some latitude there every day. 

The blueness of the sky is also due to the reflection^ 
of the violet rays by the air, from some unknown cause; 
and is therefore greater when the sun is low, and 
greatest at night, when he is below the horizon alto- 
gether. Professor Tyndall has shown that the blue rays 
are reflected by the very small particles of various gasea 
which the other rays pass through. So, he adds, the 
crimson glow of the Alps in the evening and morning 
is due to transmitted light which has its blue consti- 
tuents sifted out in passing through a great length of 
atmosphere. The same fact also accounts for the light 
of the sky being polarized (p. 103) by oblique reflection, 
from the particles of air.* . 

* * Proceedings of the Bojal Institation/ v. 440. 
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HETEOBS, OB SHOOTINa BTABS, AND AEROLITES. 

Until a few years ago nothing was known of these 
bodies except that they were occaedonally seen in small 
numbers or singly ; but twice a year, i.e. about the loth 
of August and 14th of November, there was what waa 
called a shower of them ; and farther, the Noyember 
diower was found to be much thicker every 33 or 34 
years. These phaenomena had been observed from 
very early ages. The November shower, or at least a 
shower of shooting stars, is recorded in the Anglo-Saxon 
Chrom'cle of 704, and again in 902, and the period of the 
August shower is recorded in Chinese Annals of locx) 
years ago as agreeing very exactly with a sidereal year ; 
so that it comes a day later in 71 equinoctial or common 
years. That has no 33 year maximum, and the effect 
of it might be produced by a continuous elliptic orbil^ of 
any great length, full of meteors going round the sun 
in a plane different from the ecliptic, and crossing the 
earth's orbit on Aug. 10 ; or else by a mere cluster of 
meteors revolving round the sun in exactly the earth's 
ffldereal period, which would make the earth fidl ia 
with them always if it does once, until the eccentricities 
of the two orbits and the motion of their iq)ses throw 
them out, as it certainly would have done in much less 
than the locx) years ; and therefore that hypothesis is 
very improbable. Indeed it is now considered certain 
that tiieir orbit is a very long one, with aphelion 
beyond Neptune, but perihelion nearer than ours, and 
a period of 147 years for each meteor. As many as 100 
regular meteoric days are now reckoned in the year, 
besides the stray meteors which are seen almost every 
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litgfat, thongh there are no audi large streams as the 
August or NoYemher ones. 

For some time the theory of Professor Newton of 
America was received, that the Novembermeteors revolve 
in a nearly circular orbit rather smaller than the earth's^ 
inch'ned ly"^ to the ecliptic and crossing it at the earth's 
place on Nov. 14, and going the opposite way to the 
darth in 354*62 days; and that thk orbit is a thin 
stream with a thick lump in it, which we therefore fall 
in with every 33 years, and a little of it the next year 
on account of the length of the lump. As a matter of 
fftct the nodes of the meteoric orbit recede with reference 
to their direction> or advance in longitude with rrfer- 
ence to ours, 52"*4 a year ; and that, with the precession 
of our equinoxes, from which longitude is reckoned^ 
makes the meteors come a day later nearly every 34 
years (only an accidental coincidence with the other 
33 or 34). 

But Professor Adams added to his other discoveries 
the calculation that the nodes oi such an orbit would 
not recede 52" a year under the disturbances of the 
planets, but only 21''; and consequently that that is not 
the trae one. And it is now universally agreed that 
the true orbit is that which he propounded, making the 
period of each meteor (for they must be considered 
individually under the law of gravity) the 32*25 years 
which have been the average period since 18 Oct. 902 
(N. §•)> with an eccentricity 54 times that of the earth's 
orbit and a major axis 10*34 times greater, and therefore 
reaching beyond Uranus at their aphelion, and crossing 
our orbit near the meteoric perihelion. Consequently 
the thickest part of this long elliptical ring crosses our 
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orbit once in the 33*25 years ; and is estimated from 
the time the earth takes to go through it (about 2 honrs)> 
that it is loo^cxx) miles thick at that part. Moreover 
as we sometimes cross it two years ronning, it follows 
from the necessary velocity in such an orbit, that the 
thick part must be icxx) million miles long. 

Moreover these two orbits have been identified with 
those of two known comets ; and great astronomers in 
various parts of the world almost simultaneously 
adopted the theory of identifying comets with the 
meteoric orbits. But the constitution of both meteors 
and comets is still uncertain, or rather perhaps, variable^ 
as the spectroscope is said to prove that some of them 
are gaseous, while many meteors, and of course all that 
reach the earth, are solid and composed of known 
substances, of which iron is the principal. The cause 
of their luminosity is simply the heat generated by their 
rushing through the air, which entirely bums up the 
small ones. It is stated in an article upon them in 
Mr. Proctor's *Orbs Around Us,' that they appear at 
72 miles high, the atmosphere then being just dense 
enough to heat them by friction, and disappear by 
combustion at 52 miles high : but this must depend 
somewhat on their size. 

One of the things longest noticed in the great showers 
was that all the meteors appeared to radiate in all 
directions from one point in the sky, which is a star in 
the constellation Leo for the November ones, and they 
were sometimes called Leonides accordingly. But thia 
is only the effect of perspective, arising from the way 
the earth is going just then, nearly the opposite way to 
the meteors, which doubles their relative velocity and 
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makes it abotit 40 miles a second. If a quantity of 
rockets were shot straight forward to us from the end 
of a street they would all appear to radiate outwards 
in eyery direction, except the few which came directly 
to us, which would have no perspective and appear 
stationary points; and so do some of the meteors. 
The 'radiant/ or point from which they radiate, is 
that to which the earth is driving, which is always 90"" 
fix>m the sun (disregarding eccentricity of our orbit) or 
in longitude 90° less than the sun's. It is of no use 
looking for the shower until our part of the earth has 
come by rotation into the position of facing it, which 
must evidently be near midnight; for then we are 
going by rotation in the same direction as by revolu- 
tion, remembering that they are both from right to left 
in this hemisphere. And the shower begins about 15 
minutes sooner in the south hemisphere than the north, 
because the south of the earth touches the inclined 
plane of the meteoric orbit first. 

Meteors vary in size from a few grains* weight to 
about a pound, but few genuine meteors are above 
that. The larger bodies called aerolites sometimes 
reach a good many tons, though that is rare, and people 
have been killed by tiiem. These mostly come by 
day, and the theory has lately been started and advo- 
cated by Mr. Proctor, that they are ejected by the sun, 
in which case they would almost certainly reach the 
earth by day, i. e. would strike the side of the earth for 
the time facing the sun. The nocturnal meteor systems 
are probably innumerable, as the earth encounters at 
least 100 of them, and as they are not particularly 
attached to the ecliptic, it is calculated that the 
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chances are in &your of there being considerably aboye 
a milUon of them. It was an old idea that they were 
ejected from volcano^ in the moon ; but first of all 
there is no reason to belieye that those volcanoes are 
alive now ; and if they were, they wotQd have no power 
to eject stones far enough to exchange the moon's 
attraction for the earth's unless they were enormously 
strongs than any volcanoes <m the eartk There is no 
kind of evidence in favour of that notion. No elements 
foreign to the earth have been found in any meteors, 
though some of them come from the feurthest regions of 
the solar system, and some probably from the sun. 

We have already seen the important part which they 
are supposed to play in maintaining the sun's heat 
Mr, Proctor suggests (* Other Worlds/ p, 210) that the 
planets too, and especially the large ones, are constantly 
gathering in meteors and so enlarging themselves and 
maintaining their own heat» and in fEtct may have been 
composed by aggregation of meteors. They may also 
be ejecting meteors, if the sun is. 

Laplace's Nebular Theory should be notioed here as 
the rival one for the composition of the solar system : 
not that any theory can be invented for generating all 
the motions of the universe without some original im- 
pulse besides the mere creation of matter and attractive 
force and heat. It is quite impossible that all the 8 
planets and the moons of all but two of them, and the 
160 planetoids, can have come to revolve in the same 
direction and so nearly in the same plane without some 
common impulse at fii^t. Laplace invented the follow- 
ing theory to accoxmt for it. 

Jf an enormous globe of nebulous matter were once 
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set slowly whirling in the general direction, which we 
call from west to east, it woald gradually contract by 
cooling,. and revolve fiaster, because its 'moment of 
inertia' is thereby diminished, and then throw off 
rings, and then each ring might break and gather itself 
into a globe, which would partake of the original rota- 
tion besides reyolving in the general direction; and 
each globe itself might afterwards throw off smaller 
rings, which would either stay as such, like Saturn's, or 
break and run together into moons. 

The distances of the planets therefore represent the 
force of expansion of the original nebula against the 
attraction 6t its parts. Indeed whether this nebular 
theory is true or not, the distance oi everything from 
everything else represents all the force which has been 
expended from 'the beginning' in separating them, or 
the vis viva they would acquire in coming together by 
attraction. And its increase as they approach is no 
^ creation of force ;' nor its decrease as they recede, a 
' destruction of force :' it only reappears in one case and 
becomes latent in the other, as explained at p. 25. 

The explanaticm devised for the abnormal motions of 
the moons of Uranus and Neptune is that those planets 
had their axes turned much more than the earth's 
out of the perpendicular to their orbits before they 
threw off the rings which became their moons. But I 
have seen no suggestion to explain how the earth's axis 
could be so disturbed after it had become a relating 
globe (which resists such disturbance) and thrown off 
a moon ; or how the November meteors came to revolve 
in the opposite direction. 

It must be added however, that experiments can be 
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made to exhibit the process, and to show that a mass of 
fiuidy and therefore of nebulous matter, set rotating, will 
throw off rings when its velocity is increased enough 
to overcome its cohesion ; and that if the ring breaks 
it will gather itself up into a globe by the attraction of 
its particles. The experiment is this : water is light* 
ened with spirits of wine till it has such a specific 
gravity that oil will lie anywhere within it The oil 
thereupon becomes a globe by its own attraction within 
itself (p. 1 1). The whole, inclosed in a glass box, is 
3et spinning, with an axis through the oil to make it 
apin too. The oil globe first spreads into an of)late 
spheroid: then as it is whirled faster it throws off 
a ring, which revolves round it ; after a time the ring 
breaks and gathers itself up into a smaller globe which 
rotates besides revolving round the large globe ; and 
then another ring is thrown off as the velocity is again 
increased, and so on. 

The experiment is defective in neither being able to 
)*epresent the attraction nor the contraction of the 
globe, on which the whole theory depends. For the 
attraction of a shrinking globe on its own equator in- 
creases as the square of the radius decreases, and the 
centrifugal force (radius X angular velocity^) may or 
may not increase faster than that, according to the 
variations of inside and outside density. English 
mathematicians seem to consider this theory too un- 
certain to be worth expounding ; but I believe French 
ones have calculated from the present sun's rotation, 
that when it was as wide as each planet's orbit it would 
turn in nearly the present period of that planet : and 
the same of tibe planets and their moons. 
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And if the solar mass did turn at that rate, there 
would be the same equilibrium as now between the 
centrifugal and attractive forces ; for the attraction on 
any planet, and therefore on the sun's equator, if it 
swelled into a globe as wide as the planet's orbit, would 
be the same as it is now, since a globe attracts at any 
given distance as if it were condensed into its centre ; 
and we shall see afterwards that a nebulous globe of 
any uniform density can all rotate together. But if the 
density then increases inwards the ^moment of inertia' 
will decrease, and the outer parts will be dragged by 
attraction after the inner, which have begun to revolve 
^ter, and so they will be made to go faster too, and 
their centrifugal force will make them fly farther out, 
increasing the oblateness of the globe, and perhaps 
separating as a ring. 

It should be noticed also that an impulse given to 
a solid planet a little beyond its centre would produce 
both the present motions of rotation and translation, as 
you may see by striking a floating ball in that way. 

Mr. Proctor suggests as an objection to the nebular 
theory, that it requires each planet, beginning with the 
farthest, to have been generated enormous ages before 
the inner ones ; and there is nothing in their appear- 
ance to indicate that. And now that it is all but 
certain that Jupiter and Saturn are very hot instead of 
very cold, that fact tends the other way. But we have 
devoted space enough to all this, which as yet is 
mere matter of speculation, except that some of the 
infinity of meteors, running about in every direction 
within the solar system and beyond it, must be con- 
tinually getting devoured by the planets loxd the sun. 
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THE FOUB OONIO SECTIONS, 

There are two other curves besides circles and 
ellipses, in which the planets could, and some comets 
probably do move, under the law of gravity varying 
inversely as the square of the distance. They are the 
parabola and the hyperlola. A parabola is the curve 
described by a stone thrown into the air any way but 
straight up, or by water rushing out of a hole in the 
side of a pretty full cask, except that the resistance of 
the air spoils the accuracy of the curve. You may see 
a hyperbola in the shadow on the wall from a round 
shade over a lamp set near it. But the remark- 
able thing is that these four curves, the circle, the 
ellipse, the parabola, and the hyperbola, which are the 
only possible ones for the heavenly bodies to describe 
under the existing laws of nature, are all produced by 
cutting straight through a cone in different directions. 
You may have heard the term conic sections without 
knowing what it means, or why whole books of mathe« 
matics are written about them. There is no part of 
geometry with so many curious and elegant problem^ 
in it ; and the reason of its importance is that all the 
heavenly motions are performed in conic sections. I 
must therefore explain what they are, as far as I caA 
without mathematics* 

A cone may be defined as a round pyramid, or a 
body with a circle for its bottom and a point for its 
top, and straight sides. When the top is vertically over 
the centre of the circle it is. called a riffJU cone^ and 
when it is not, an oblique one. But cones are always 
assumed to be * right' unless the contrary is specified. 



Digitized 



byGoogk 



Conic Sections. 289 

and we tiksM deal with them so. If yon ent a few 
cones out of some soft stuff such as a turnip, or get them 
turned in wood to be sawn through afterwards, it will 
;give you a much better idea of the different conic 
sections than any pictures. Pirst of all it requires no 
cutting to see that all sections parallel to the base of 
the cone, or at right angles to its axis, must be circles ; 
and a circle may be considered an ellipse of no eccen- 
tricity, or with its two foci run together. Next, any 
other section of the cone, which comes out of both sides, 
is an ellipse, as you will see by cutting it through in 
that way. And I should tell you that the cone is con- 
sidered to be extended to any length required for the 
elliptical section to come out again lower down on one 
side than the other. Tou would hardly believe without 
trying it, that the lower end of the section which comes 
out where the cone is broad is no broader than the 
higher end where it is narrow : yet so it is, on account 
of the difference of the angles made with the sides of 
the cone. 

, An ellipse is also produced by any oblique section of 
a cylinder, as a circle is the section directly across a 
cylinder. . But in fact a cylinder is only a cone of 
infinite length, so that its sides may be considered 
parallel, as when we look at the stars, which are some 
of them much bigger than the sun, and yet look like 
points. This is the explanation of what I said at p. 49, 
that an ellipse is the oblique view of a circle, whether 
near or far off : if near, the lines of sight form an oblique 
cone ; if very far off, they may be considered to form a 
thin cylinder. But the centre of the. ellipse is not iu 
the axis of the cone, though it is of the cylimler. 

u 
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A parabola is a yery different looking tbing, thongh 
it is^produced by a very little deviation from the section 
of a cone which makes an ellipse. It cannot be cnt but 
of a cylinder. It is like half — or rather, some indefinite 
part less than half, of an ellipse of infinite length. It 
has no minor axis, for its centre is at an infinite distance, 
that is, nowhere. It is made by cutting through a cone 
tmywhere by a cut parallel to ihe opposite ' slant side.' 
Therefore there can be only one parabola, as there is 
only one circle, at any given distance from the top of 
the cone, which must now be considered of infinite 
extent downwards. The two legs of a parabola are 
always getting more parallel to its axis, but never 
become quite so, however far they are extended. 

A hyperbola is made by any section of the cone 
which is neither parallel to its slant side nor comes 
out of it at both sides.* It does not differ much in 
appearance from a parabola, only spreading out widen 
The slightest deviation of the parabolic cut towards the 
vertical turns the parabola into a hyperbola ; bat there 
may be any number of them at any point in the cone. 
In some popular astronomies a vertical section only is 
said to be a hyperbola, but that is a mistake. Its legs 
continually approach two straight lines called oiymptoteSy 
which are parallel to the outline of the cone, but they 
never reach them, because they approach with a oon« 
tinually decreasing curvatare: just as a series of 
weights of a pound, half a pound, a quarter, and so on, 

* litttheinAtioftlly a hyberbola is doable, having two foel, like an 
elMpse turned inside out, but the difference (instead of the sum) of the 
focal distanoes is constant : which, you wiU easily see, makes a psir of 
equal coxTss : but we only want one of them. 
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approaches O, and their sum approaches two ponndS) 
bnt neither limit is erer reached. 

A parabola and hyperbola can theoretically be de- 
scribed by strings from the focns or foci^ something 
after the manner of an ellipse, bnt not practically. 
The focus of all the four conic sections is also the point 
where they are touched by a sphere which touches the 
hollow cone all round, like a ball put into a wine-glass: 
if you draw the outline of the cone and the axis of any 
conic section, such a sphere is represented by a circle^ 
which is easy enough to draw by trial. 

The only thing I have to say about oblique coned is 
to reconcile what is said about the shape of countries 
being correctly represented in a stereographic map 
(p. 15) with the fact that every perspective view of a 
circle is an ellipse ; and one perspective view of every 
ellipse is a circle. The explanation is, that an oblique 
cone allows two sets of circular sections, leaning opposite 
ways with respect to the axis of the cone ; and in the 
stereographic projections of a small circle of the earthy 
not being a parallel of latitude, upon the plane of the 
equator, looking from one of the poles, the oblique cone 
from the eye to that circle cuts the equator, or any 
parallel plane, in a smaller circle turned the other 
way ; and therefore the shapes of countries in such 
a map are truly r^predented, though some of them 
must be on a larger seale than others. 

The particular conic section in which a comet, or a 
planet theoretically, may move dependg on the velocity 
with which it happened to be started in some direction 
round the sun, and also on the direction. It will be 
shown at p. 303 that it could only go.in a circular orbit 

u 2 
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if it was Btarted at xigbt angles to the radius vector and 
with a Telocity' = son's mass -r- distance. It can also 
be shown by mathematics that if it is projected at right 
angles to the snn with twice that velocity^ i.e. with 
J '4 1 4 times the velocity due to a circle, it will go in a 
parabola of which the place of projection is the peri- 
helion. We may observe too that that is the velocity 
with which a comet or a meteor would reach that point 
if it came from an infinite distance straight at the sua 
^ at p. 1 1 1. If the velocity at perihelion is anything 
between those two it will describe an ellipse^ which 
may be nearly either a parabola or a circle ; and if we 
found a comet travelling anywhere with a velocity' 
greater than twice the sun's mass -r- the distance we 
should know at once that it is performing a hyperbolic 
orbit. In either that or a parabolic one of course the 
comet never comes near the sun again. We cannot go 
into cases of oblique projection without mathematics* 
In all these calculations the sun's mass has to be 
^reckoned in terms of its attractive force at the unit of 
distance^ as we shall see in the next chapter^ 



CX)METS. 

Less is known of the nature of comets, and especially 
their tails, thiui of any bodies in the solar system 
and even some beyond it Their general character is 
that they have what is called a nucleus or bright 
centre, but transparent, so that stars are seen through 
it, and their rays are not refracted in passing through 
it eccentrically : then of a less luminous eoma^ or head 
of hair, round tiie jiudeus; and th^n, most large 
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comets at a certain period of their approach towards 
perihelion throw out a long tail, which swings ronnd 
the sun with them, nearly always pointing from the 
snn, but generally curved a little as if the end lagged 
behind in swinging round. A yery few comets havei 
had tails pointing towards the sun. The matter of the 
tail generally appears to be first thrown out of the 
comet on the side next the sun and then to be violently 
repelled to the back side by some repellent force in 
the sun. But no one knows why that should be so, 
while the whole mass approaches the sun under the 
ordinary law of attraction just as if it were a planet 
in a very eccentric orbit. For the orbits of all the 
great comets have been very eccentric, and some 
parabolic, and even- hyperbolic; i.e. they can never 
visit the sun more than once in their lives, but 
afterwards run off until they perhaps come within 
the range of some stronger attraction from another 
sun or star : otherwise they might go to an infinite 
distance. 

This repulsive force of the sun must be something 
quite different from an explosive force, like that of our 
volcanoes, which is temporary, and only prevails over 
gravity for a short time. It is proved by what we saw 
of some of the envelopes of the sun that there is a 
repulsive force there; and a temporary or explosive 
force would be sufiKcient to produce those effects, but 
not the effect of comets' tails. There are various other 
difficulties about them. It is inconsistent with the 
laws of gravity that a tail consisting of any kind of 
matter retaining its personal identity (i. e. being the 
same matter day after day) can S¥ring roimd the sun ; 
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for they are sometimes one or two hundred milliou 
miles long, and the farther end ought by the law of 
gravity to go much slower than the head, instead of 
faster, as the apparent far end of the tail does; for 
after perihelion it is in adyance of the comet and ha9 
gone through a much larger arc. 

Therefore the idea prevails that the tail seen after 
perihelion, or indeed after any day, is not the same 
matter as that seen the day before ; but is fresh, like 
the smoke or steam out of a locomotive chimney : so 
that you may say a comet is continually shedding the 
end of its tail by dissipation and renewing it by 
emission. Some tails are short and thick like a 
' batswing ' burner gas flame, and some are spread out 
in several distinct rays like a fan. ^ Newton's comet ' 
of 1780, the finest ever known, shot out a tail 60 
million miles long in two days and twice as long 
afterwards. It went nearer to the sun than the moon 
is to us, and was exposed to a heat 25,6cx) times greater 
than the hottest sunshine in the tropics. A, smaller 
one in 1843 went still nearer, within only 65,ocx) miles, 
and was exposed to a heat which would melt any 
substances we know of. 

There was also a very fine comet in j8ii ; but the 
grandest of modern times is called Donati's, which 
many of us saw in the autumn of 1858 and nobody will 
see again for 2100 years, as it has to go 80 times as 
&r as Neptune. Its tail was 30 million miles long 
and 90,cx)0 wide near the head, and much wider at the 
thick part of the brush. And at one time it threw out 
two minor tails more rapidly than the main one. 
Some oomets have a head 50,000 miles wide. 
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Sir J. Hersohel says that about 56 periodical or 
retaming comets are known, of which 5 have periods 
Irom 70 to 80 years and the rest from 3 to 7 ; and further, 
that there are only two of the whole 369 both long ones» 
that do not go round the sun the same way as the 
planets ; and none of their orbits are very far from the 
ecliptic. This is now the more remarkable, because 
several comets are identified with meteoric orbits, 
which are innumerable and inclined at all degrees to 
the ecliptic The whole orbit of a comet can be laid 
down from only two observations near perihelion* For 
they give its least distance and its velocity there, and 
that gives the eccentricity, or defines the parabola if 
the orbit is one ; and the plane of the orbit must go 
through the sun's centre and the two observed places, 
and that gives its inclination to the ecliptic and ite 
nodes. And by a more complicated process the orbit 
can be determined from tiiree observations anywhere. 
I have seen no aooomit of any particular comets with 
hyperbolic orbits. No other orbit than one of the 
conic sections is possible. 

They are liable to fall under the dominion of any 
plaaets which they approach. The most famous case 
of that kind was Lexell's comet of 1770, which was 
found to be travelling in an orbit which must have 
had Jupiter at its aphelion, and had never been seen 
in our regions before, though it was too large to have 
been missed, espedally with such a short period or 
such frequent returns. In 6 years it came again, but 
not the next time it was due: nor ever since. Its 
orbit had been made such by that first approach to 
Jupiter that they would concur again in one of Jupiter's 
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periods and in two of the comet's ; for it went tnuch 
nearer the sun than Jupiter does, and therefore had 
a much shorter axis major of orbit and period. 
Nobody knows what happened to it the second time 
of meeting Jupiter, nearer than one of his own satellites. 
I have already mentioned that the mass of Mercury 
was determined by its disturbances of comets. Their 
mass is far too insignificant to affect the planets in 
return, or eyen the satellites of Jupiter. You may see 
accounts of the aspect and behaviour of some other 
comets in Herschel's ' Familiar Lectures ' and in several 
of Mr. Proctor's books, and in Lardner's * Astronomy ' by 
Dunkin, with pictures of some of the most remarkable. 

The most singular performance of any comet was 
the separation of Biela's comet of 1845 into two, which 
returned in 1852, farther apart, but have never been 
seen again, though it was expected to come very close 
to the earth, if not to strike it : which however would 
be much less alarming now than when the tenuity of 
comets was unknown, Halley's comet, which followed 
Kewton's in 2 years, with a period of 76, subject to 
delays by Jupiter and Saturn, in 1835 swelled to 74 
times its perihelion size in 17 days after perihelion, and 
then got too thin to be seen any more. Other comets 
apparently contract towards perihelion and expand 
again ; from which it is inferred that they are really 
expanded by heat there so much that their outer parts 
become invisible, and are gathered up again afterwards 
by attraction. 

As to their constitution, they seem likely to consist 
of the same elements as meteors, from the identification 
of their orbits; but the elements may be in a gaseous 
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instead of a solid state. It appears to be proved both 
by the spectroscope and by the tails emitting polarized 
light, that the tails shine by sun-light reflected, while 
the head is self-lundnons, as an inflamed gas. But the 
outside of the coma sometimes gives a complete coloured 
spectrum, as if it consisted of solid particles incandescent, 
among which carbon is conspicuous by its distinctive 
* lines/ Their perihelion expansion also tends to prove 
them gaseous, but not their transparency to stars, as 
that might come from the particles being too widely 
spread to prevent rays coming through the whole mass, 
though it may be 50,000 miles across ; and in that case 
star ;rays passing through eccentrically would not be 
refracted (and they are not) as they would in passing 
through a globe of gas. On the other hand, no kind of 
force is known which would keep solid particles far 
apart against their mutual attraction, as the natural 
expansibility of gases does. 
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CHAPTER V. 

THE LAWS OP PLANETARY MOTION. 

Newton propounded three Amdamental laws of motion 
at the beginning of his Principia. The first has been 
already noticed at p. 29, that a body will go on 
moving for ever in a straight line under any impulse 
with uniform velocity until some new force comes to 
alter its direction or Telocity. The second is that any 
new or second force draws the body aside from a 
straight line just as much in a second of time as if the 
body had not been moving ; so that at the end of the 
time it is just where it would haye been if the first im- 
pulse had sent it straight on, and then the second force 
had drawn it aside from there ; or conversely, as if the 
second force had first pulled it in its direction in no 
time at all and then the first had sent it forward in a 
second. And that comes to the same thing as if the 
body had moved along the diagonal of a small parallelo- 
gram of which ione side is the course it would have 
taken under one force and the adjacent side the course 
it would have taken under the other force. 

I said a small parallelogram, because curvilinear 
shapes and motions are dealt with in mathematics by 
supposing them cut up into such little bits or * ele- 
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ments ' that each may be treated as a straight line or 
bounded by straight lines. That is the prindple of the 
* differential calculus,' and the patting together of such 
little bits (a much more difficult process) is the business 
of the 'integral calculus.' These also were inyented 
by Newton, though in a somewhat different form from 
what is now used. It follows from the seoond law that 
$jxj force or motion in an unit of time may be split up 
or ^ resolved ' into two, forming the adjacwt sides of a 
small parallelogram of which that is the diagonal, both 
in magnitude and direction. . Aud in fact this, which 
is called the diagonal of forces, is the practical form of 
the second law of motion. The third, that action and 
reaction are equal, is self-evident, and of very little 
use ; and some mathematicians have tried to substitute 
another for it, but we can do very well with two. 

The truth of the second law is sometimes illustmted 
in lectures by a machine which is contrived to shoot 
one ball forward horizontally at the same moment that 
it drops another, and you hear them both fall together, 
though the shot has gone many times farther than the 
other baU. Taking the motion of the earth and sun 
together, the earth at one time of the year is rushing 
through space at something near 2000 miles a minute, 
and at another time very little, and yet things fall to 
the earth in the same time always. There have also 
been mathematical proofs invented that this law of 
motion must be true. Newton propounded it as an 
axiom, which means a self-evident truth incapable of 
deduction from any other. 

Beverting to what I had to say of the law of gravity, 
at p. 24, it is convenient to add now, that the term 
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momentumy which you often see, means the mass x itd 
velocity, which is also called its * moving force' and 
its 'quantity of motion.' But it is not that which 
represents the work done in lifting it, or which it will 
do in falling again. That is represented by mass 
X i velocity*, and is called vis viva, and sometimes 
its * force of motion ;' and of late, * kinetic energy ;' for 
velocity may be proved to = gravity X twice the height 
fallen through. This means the final velocity when 
stopped; and ' gravity ^ means the constant force of it 
near the earth's surface. When the force varies the 
result is different, except for a very short time. Again 
the vis viva of rotation, as of a fly-wheel or of the 
earth, is haK the sum of each particle x its own linear 
velocity^ or x its distance* from the axis of rotation x 
velocity* of rotation : which therefore depends on the 
shape of the body. Also the sum of the mass of each 
particle X its distance* from the axis constitutes its 
moment of inertia^ or its resistance to being set in 
rotation, or stopped when it is rotating. This is 
evidently greater in an oblate spheroid than in a 
sphere of the same weight ; and in either case it is 
two thirds of what it would be if the whole mass were 
condensed into a thin band round its equator. 

Consequently the moment of inertia of a shrinking 
globe keeps decreasing, and the time of its rotation 
would decrease also (p. 285) ; for each particle would 
still try to move through the same space in a second, 
and when the radius is diminished a given length of aro 
corresponds to a larger angle or angular velocity. So 
if you swing a small weight by a long string round your 
finger, it revolves taster as the length of the string 
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diminishes by winding up. And therefore in consider- 
ing the earth's retardation by the tides, in connection 
with the moon's secular acceleration, we must bear in 
mind the possibility of the earth still shrinking a 
little, which would tend to accelerate it; and on the 
other hand the possibility of its enlargement by the 
continual addition of meteors, which must tend to 
retard the rotation by increasing the mass of the earth. 
But both these effects are probably extremely small, if 
they exist at aU. 

Centrifogal force is another thing of which it is 
necessary to haye a clear notion. Strictly speaking 
there is no such thing as any force or tendency in a 
revolving body to fly away from the centre. The only 
tendency is to obey the first law of motion and go on in 
a straight line. If a string breaks by which you are 
swinging a weight round, the weight goes on in the 
direction of a tangent to the circle at the place where 
it breaks loose, and the art of slinging depends on 
knowing where to let it loose, so as to send the stone 
forward in the right direction. It may be defined as 
being equal and opposite to the force required to draw 
the body out of the straight course into the curve 
in which it is constrained to go. The force which 
counteracts the so-called centrifugal force of the 
planets is the sun's attraction, which may be considered 
a kind of elastic string, allowing some variations of 
jdistance or radius vector^ but always bringing . them 
back again. 

Centrifugal force in a circle is easily calculated, and 
we can only deal with the orbits of the planets and 
their moons as circles, without far more mathematics 
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than oan be introduced here. All force is measured by 
the velocity which it imparts in some small unit of 
time such as a second, during which it may be con- 
sidered constant, whether it is so for a longer time or not 
Since the velocity has to increase from o up to what it 
is at the end of the second, the body would have 
moved twice as far as it does if it had been going with 
that velocity from the beginning. Therefore the 
velocity which measures the f<^ce is twice the space 
actually moved through in the first second. Centri- 
fugal force then is twice the distance of the end of the 
arc moved through in a second, from the tangent or 
straight line in which the body would have gone if it 
had not been drawn aside into the curve. You must 
accept it as easily proved by geometry that twice that 
distance = arc* 4- radius ; or centrifugal force =: 
velocity* in the curve -r- the radius of curvature at 
that point, i. e« the radius of a circle which has the 
same curvature as the orbit there. And since linear 
velocity (in a circle) a* radius X angular velocity, oentri* 
fugal force also = angular velocity* x radius of curvature : 
which is a different thing from the radius vector or 
distance from the centre of force, and does not even 
coincide with it in direction, except at the apses of the 
ellipse, and even there does not coincide in length. 

In a non-circular orbit angular velocity bears no 
such simple relation to linear; but this rule always 
holds: linear velocity varies inversely as a perpen«> 
dicular from the centre of force drawn to a tangent of 
the curve at the place where the body is. In an ellipse 
(see p. 305) the tangent TP< is easily drawn from the 
&ct that it makes eq^ual angles with the two focal 
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distances SP, Ht* ; and ST the perpendicular always 
meets it in the circle which contains the ellipse. 

Circular orbit: Law of Time and Distance.— A 
planet cannot perform a circular orbit unless it has 
been ^ projected ' at some time or other in a direction 
at right angles to its sun's distance and with just that 
velocity which would give it so much centrifngal force 
as requires exactly the sun's attraction to deflect into 
a circle from the straight line. We saw that centri- 
fngal force in any circle is velocity* -f- radius. And the 
sun's attraction is his mass-7-distance^ i. e. radius' of that 
orbit. Therefore linear velocity* must = sun's mass 
-r distance, for the orbit to be a circle ; and there- 
fore angular velocity* as sun -f- his distance^ Angular 
velocity is the angle, or fraction of 360° or 27r or 
6*2832, moved through in a second ; and therefore the 
period (in seconds) 3=471^ (or 39*48) x distance* -7- sun's 
mass : which is the law of time and distance we have 
often referred to, and have now proved — at least for 
circular orbitft; and it is demonstrable (but not without 
mathematics) that it holds equally for elliptic ones. We 
shall see afterwards how the sun's mass is to be ex- 
pressed for this purpose in feet or miles per second ; 
for it is evident that it will not help us to say that it is 
so many times the weight of the earth, or so many tons, 
but we must measure its attractive force by something 
reducible to feet per second. 

Elliptic orbits. — But if a planet was at any time 
projected, either not exactly at right angles to the line 
from the sun, or with any other velocity than that just 
now ascertained, it will evidently perform some other 
kind of orbit. If the velocity of projection at perihelion 
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was twice as much as that required for a circle tlie 
planet would leave the sun for ever, as I said at p. 292, 
but anything between that and the circular Telocity 
will ma^e it reyolve in an ellipse more or less elongated, 
of which the same place will always be the perihelion, 
subject to gradual variation by disturbances of other 
planets. But this cannot be shown without mathematics 
of rather a high order, or else by long and complicated 
geometrical contrivances, which Newton invented for 
public demonstration, though he privately invented 
others which ripened into the differential and integral 
calculus. All that we can do here is to show how 
planets are brought back towards the sun after running 
away from him towards aphelion, and again how they 
escape falling into the sun after approaching him with 
continually increasing velocity for half their year, 
making an orbit which we otherwise know to be ellip- 
tical with the sun in one of the foci 

We saw at p. 298 that as two forces can be com- 
pounded into one, which is called their renUtani, so 
one force can be divided or resolved into two in any 
directions we please ; except that there can be no re* 
solved part of any force in a direction at right angles to 
its action. That is the reason why we need not consider 
the resolution of forces in circular motion; for the 
motion in a circle is always at right angles to the radios 
or to the direction of the central force. But in au 
ellipse it is not so, except at the two apses. If you look 
at this figure of an ellipse, you see the motion of the 
planet P in either direction, towards T or ^ (both in the 
tangent to the ellipse), is not perpendicular to PS, the 
radius vector. So that if it is going in the direction PT 
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part of the sun's force goes to increase the velocity in 
that direction, while the other part is pulling it out of 
that direction. The 
sun's force theji may 
be resolved into two 
forces, one in the 
tangential direction 
PT, and the other in 
the direction TS per- 
pendicular to PT ; 
and these two forces 
are proportionate to 
those two lines. If the planet is going away horn the 
sun towards t^ the sun's foree is resolved in the same 
way, and is still represented by TS and PT, only the 
tangential part of it retards instead of accelerating. 

Then while it approaches the sun S^ or while the 
radius vector SP diminishes, the force represented by 
PT continually augments the velocity, till at last at 
some point A the velocity becomes so great that the 
centrifugal force first balances and then beats the 
centripetal ; and so that pbint becomes an apse, or a 
place where the radius vector changes from decreasing 
to increasing, or vice vers&. So we may say that the 
sun enables the planets to run past him at perihelion 
by having made them run faster towards perihelion — 
only not straight towards him. The converse of this 
takes place when the planet is approaching aphelion, 
in a direction like Pa (but on the lower side of the 
figure, or reversed). Then the sun has been gradually 
reducing the velocity by that part of his force which 
is resolved into the direction PT, now acting against the 

X 
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increase of the radius vector. At last the Telocity is 
reduced so much that attraction prevails over centri- 
fugal force, and the radius vector can increase no 
longer, but begins to diminish again at a, the farther 
apse, and then the planet begins to approach the sun 
again, and so the orbit is completed. But why the 
apses recur at the same places, under a force varying 
exactly as the inverse square of the distance, and why 
the orbit is an ellipse and not some irregular or egg- 
shaped oval, cannot be explained without mathematics ; 
and even they will only prove that it is so. 

I showed in the moon's disturbances (p. 197), that 
if the central force is less at aphelion than it would be 
according to the square of the distance, that is, if it 
varies in a rather higher ratio, the apses do not recur at 
the same places, but advance, and the orbit is a kind of 
spiral returning across itself, that is, a revolving ellipse. 
I now add that if the central force varied in as high 
a ratio as the inverse cube of the distance (as disturbing 
forces do), the centrifugal force and the force of attrac- 
tion could never balance each other again if either of 
them once got the best of it ; and so the orbit would 
become a complete spiral, never returning into itself 
again, and the planets would either run at last into the 
sun, or else farther and farther off into infinity, accord- 
ing to which force had accidentally preponderated for a 
moment. 

The only other law of force of which we have any 
experience, and that only as an indirect result of the 
universal law of gravitation in some special cases, is when 
the force varies directly as the distance, as in the case 
of a pendulum bob, which is attracted to the centre of 



Digitized 



byGoogk 



Kepler 8 first cmd second Laws. 307 

its vibration by a force very nearly in proportion to the 
distance from it, whether the pendulum is vibrating in 
one plane, as in a clock, or revolving as a conical 
pendulum; and in a mass of stars, as we shall see 
afterwards. It is singular that in that case also an 
ellipse is described, though the law of force is so 
extremely different ; only the centre of force is then 
in the centre instead of the focus of the ellipse. 
Moreover attraction then = distance x some constant 
quantity (no matter what); and it must = centrifugal 
force, or distance x ang. vel.^ Therefore ang. vel.' = 
that constant quantity ; or all the planets would have 
the same angular velocity and period under that law of 
attraction. 

Kepler's Laws. — ^ said at p. 209 that Kepler dis- 
covered by observation that the planets' orbits are 
ellipses; and that is called one of Eepler^s laws. The 
second was that the radius vector from the sun to the 
planet sweeps over equal areas in equal times, in the 
same orbit, but not in different orbits ; which is called 
the conservation of areas ; and it is the same thing in 
other words as saying that the angular velocity in any 
given orbit varies inversely as the square of the 
distance.* This looks as if it had some relation to 
the central force varying inversely as the square of 
the distance; but it has none, and would be equally 
true with a central force following any other law. 

This cannot be proved without a little geometry, but 
it is so easy that I had better give it. Suppose that 

* This is not inconsistent with tho angular yelocity' Tftrying 
inversely as the cube of the distance in different orbits round the same 
Sim (j^ 303). 

X 2 
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a planet would go in the direction BP (a very small 
arc performed in a second) if there were no sun 
at C. But there is; and suppose the sun's attrac- 
tion would draw it through a space = BQ in a second ; 

p then by Newton's second law of motion 

(p. 299) if you draw PD parallel and 
equal to BQ, the planet will find itself 
at D at the end of a second, haying 
travelled through BD. Then by a well 
known proposition in Euclid the area 
of the triangle BPO = that of BDC, 
because they lie between parallel lines, 
and have the same base BC ; i. e. the 
central force has made no difference in the area swept 
over by the radius vector ; for though it has shortened 
it it has made it wider. Again the area of BDC 
is half of BO x distance between BO and PQ, which 
distance is practically BO x the numerical value of the 
angle BOQ which represents the angular velocity in a 
second ; and as that area is constant it follows that the 
angular velocity varies inversely as the BO* of every 
plfikce, i. e. as the sun's distance.' 

Kepler's third law, also discovered by long observa- 
tion and trial of numerous conjectures, was that the 
square of the time or period of the planets varies as 
the cube of their distances. For this purpose you 
must compare any two or more of them. Thus, 
omitting fractions, the cube of Mercury's distance in 
millions of miles is 35^=42,875 ; and of Venus's 66*= 
287496, which is about 6J times 42,875. Then 
Mercury's period* in days is 88^=7744, and Venus's 
225*= 50,625, which again is 6J times 7744- And you 
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would find the same rule held between any two or 
more of Jupiter's or Saturn's moons. 

But this tells us nothing of the relation of any one 
planet's period to its distance and the sun's mass^ which 
I have already proved at p. 303 for circular orbits. 
Newton also proved the necessary truth of Kepler's 
third lawy and that the time of an elliptical orbit is the 
same as if it were the circle which contains it ; or in other 
wordsy that the time depends only on the mean distance 
or semiaxis major^ and not at all on the minor axis or 
the eccentricity. And therefore that law holds for all 
orbits round a centre of force varying inversely as the 
square of the distance. This proves what I said at p. 85, 
that the length of our year is a fixed and certain measure 
of the proportion of the weight of the sun to the cube 
of his distance, so that when one was reduced the other 
must be reduced also, in the same proportion. 



WEIQHIKG OF THE SUN AND MOON. 

I promised to prove* that the sun is 322700 times as 
heavy as the earth, and the earth 3i^ times as heavy 
as* the moon, and also to show how the sun's mass is 
to be expressed in the velocity per second which it 
imparts at any given distance. As a foot is the unit of 
distance generally used we shall have to express the 
sun^s mass by the velocity it would impart to a body 
at that distance from the sun's centre if all his mass 
were condensed into a point there : which may be 
called the sun's absolute mass. We can also do the 
same for the earth and then compare them. But first 
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let U8 understand clearly what is meant by calling g^ or 
gravity at the earth's surface 32*23 feet, considering 
the earth as a non-rotating sphere, so as to get rid of 
all the variations of gravity spoken of at p. 46. 

That is proved in various ways. Stones dropped 
from a great height fall 16 feet in one second (omitting 
fractions), and 64 feet or 16 x 4 in 2 seconds, 16 x 9 
in 3 seconds, and so on. That, by the same reasoning 
as at p. 300, mathematically proves that the force which 
makes them fall imparts a velocity of 32 feet per 
second in the first second, and adds that velocity in 
every following one. And this force ^ is necessarily 
twice the height fallen through -7- the time^ ; because 
the velocity increases by arithmetical progression, and 
therefore varies as the square of the time (p. 112). 
And therefore you will easily see that the above figures 
(which depend on observation) make g = 32. Again it 
is demonstrable that gravity must = tt* x length of 
a seconds pendulum, measured in the way which is 
explained in my treatise on clocks ; and such a pen- 
dulum is found to be 3*26 feet in this latitude ; and 
as 91^ is 9*86, that makes g == 32*14, and by proper cal- 
culation 32*23 if the earth were a non-rotating sphere. 
The meaning of gravity imparting a velocity of 32 feet 
in a second is that if gravity were cut off at the end of 
the first second a stone would fall only 32 feet in every 
following second. A machine called Attwood's, of which 
you may see a picture and description in the English 
Cyclopaedia, was invented to show this experimentally, 
but rathei; for lecturing purposes, as the mathematical 
proo& derived from experiments on pendulums are 
muchbdtter« 
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We can now find the absolute mass of the earth 
in attractive force. Its radius as a sphere of equal 
weight would be 3958*6 miles; and gravity at the 
surface would be 32*23 ; and it = earth's mass -f- (39S8*6 
X 5280)* feet; which makes the mass = 14,076 billions 
of units of attraction, or so many feet per second. 

The sun's mass may be found in several ways. The 
simplest and most direct is this. We found at p. 45, 
from the sun's mean distance and the length of the 
sidereal year, that the earth's mean velocity is 18*317 
miles a second, and we know that the year would be 
the same if the orbit were quite instead of nearly 
circuit. The centrifugal force in a circle is velocity' 
(or miles' per second) -f- radius or sun's distance 
= (in.feet) 08'3i7 X 5280)' ^ 335-52 X 5280 ^^ 

92,OCX>,OCX)XS280 g2fiOOfiOO 

this must balance or s= the sun's attraction on the 

1 sun's mass 

earth, ot 5 — . ; /. sun's mass= 33S'S2 x 

g2fioofioo^ X 5280' 

528o^X92,ocx),ooo=4543-6 trillions; which is 322,7CX) 
times the 14,076 billions just now found for the earth. 

Or thus : centrifugal force = distance x angular ve- 
locity', which must also = centripetal force or sun's 
attraction in a circular orbit = sun's mass -f- distance'. 
Angular velocity per second is 27r -f- 365*256 X 86,400 
(the seconds in a sidereal year); and 491^ = 39*48. 

Therefore sun = 92,ooo^» x 5280^ x 39-48 ^hj.^ 

365256^ X 86400' 
you will find give the same result as the last process : 
in fact they are identical. ' Or again. 
Cent, force _ 92,000,000 x 39*48 x 5280 _ i 
gravity "" 32*23 x 365*256' x 86,400' "" 1673*7. 
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But gravity=earth's mass-r-its radius^ and centrifugal 
force must = sun's mass -f- his distance', and therefore 

we shaU haye^^ = Js^%^j = 322.700 as 

before* 

This last calculation shows us also the proportion 
between the sun's attraction and the earth's at the 
earth's surface. For we see that if the earth were held 
last, and not itself movable by the sun's attraction, 
gravity would be an 837th less at noon on the ecliptic 
than at midnight, because at noon the sun would be 
pulling things straight away from the earth with a 
force = the 1674th of the earth's attraction, and at 
midnight adding the same to it. But as the earth 
is itself attracted to the sun equally with the things 
on the earth, no such difference exists between the 
diurnal and nocturnal gravity. 

Or again, if a pendulum could be freed from the 
earth's attraction, and subject only to the sun's, the 
force which makes it swing would be a 1674th of what 
it is; and as the time varies as ^force, it would 
take 41 sec. instead of one to make one vibration. So 
small is the force which keeps the earth in its orbit ; 
and that on Neptune is 900 times less. The tractive 
force on a fast railway train of 400 tons on the level 
is found to be about 4 tons; i. e. a spring balance 
between the engine and the train shows that tension. 
But if the earth were such a train it would exert a 
centrifugal strain of less than 5 cwt. on the rope which 
held it to the sun, though the earth goes 1000 times 
iieuster than the quickest train that ever ran. 

The following is another way of weighing the sun. 
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but not so exactly ; and it requires the moon's weight 
to be known first. The mean radius of the earth's orbit 
is 385*22 times that of the moon round the earth, and 
the moon's mean angular velocity is 13*37 times the 
earth's, being inversely as their «idereal periods. 
Therefore the moon's mean linear velocity round the 
earth redaced to rest (p, 24) is to the earth's round the 
sun, as 13*37 to 385*22. The sun's force on the earth 
is to the earth's force on the moon as their deflections 
from a straight line per second, which are as the squares 
of their velocities divided by the diameter of each orbit 
(just as the depression of the sea below the horizon =: 
the distance^ -f- the earth's diameter, p. 5), and those 
diameters are as 385*22 to i. Therefore the deflections 
are as 385*22^ to 13*37^ But the sun must be 385*22 
times heavier than if he were at the distance of the 
moon, to produce the effect he does here* Therefore 

altogether ^, '"" = ^^^ = 319,793; 

^ earth + moon 13*37' ^^^^09 

and adding one 8i*5th for the weight of the moon, 

that makes the sun s= 323,716 times the earth 

alone. 

Tou see this result exceeds the former one a little, 

though it is near enough for a general explanation. 

But we saw at p. 193 that the sun's disturbance 

lengthens the moon's period as much as if the earth's 

mass were reduced a 716th, assuming the distance to be 

unaltered. Therefore its real proportion to the sun is 

so much greater than it appears to be by calculation 

from the moon's actual period. If you reduce 323,716 

by a 716th, the result is 323,168 ; which is again very 

near the former result ; and we saw also that the exact 
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lengthening of the moon's period by the sun cannot be 
defined. 

This same calculation evidently affords another mode 
of weighing the moon, if the snn has been first weighed 
independently ; for the moon must be such a fraction 
of the earth's mass as will give the right result for 
the sun in the above calculation. In most popular 
astronomies the distinction between the earth and 
earth + iiioon is disregarded in weighing the sun ; 
which makes a difference of nearly an 80th in his 
weight) besides misleading people as to the principle 
of measuring forces round a movable centre, which I 
have several times mentioned. Moreover the following 
method of weighing the moon without the sim is founded 
on that very distinction. 

It is not the earth's centre E, but G, the centre of 
gravity of earth and moon, that really describes what 
we call the earth's orbit* Therefore the earth is before 
its mean place at first half moon, and behind it at 
second haLf moon, by the distance EG, which is now 
the thing we have to find, for we only knew it at p. 125 
because we then assumed the moon^s weight to be 
known. Now when Venus is at her nearest or * inferior * 
conjunction, she is apparently displaced at half moons, 
first one way and then the other, by a parallax or angle 
which = EG divided by the distance of Venus from 
us ; and as that is known, and twice that angle is quite 
large enough to measure, being nearly i', therefore 
EG can be found. Then we know that the mo<m is to 



Digitized 



byGoogk 



Weighing of the Moon. 3 1 5 

the earth as EG is to MGr, and therefore the mass 
of the moon is found. 

Weighing the moon independently.— But for the 
impossibility of defining the effects of the sun's disturb- 
ing force on the moon's period and distance, as ex- 
plained at p. 193, the simplest of all ways of finding 
her mass would be the following. By the law of time 
and distance the absolute mass of earth -j- moon must 
= 39*48 X cube of their mean distance in feet, divided 
by the square of the seconds in a sidereal lunation 
(2,360,591) diminished by a 716th for the increase of 
that period by the sun's disturbance. That makes 

billions very nearly. But we found, the earth alone to 
be 14,076 billions^ or 164 less than earth -f- moon. 
That difference, or the moon's mass, is therefore an 
85th of the earth's mass; which is a tolerably near 
approach to the established proportion of an 8i'5th or 
•0123. Conversely, from that known weight of the 
moon, we may easily calculate that the 14,240 ought 
to be 14,249, and that her period is really increased a 
630th by the sun. The advance of the apsides, or 
rather the causes which produce it (p. 197) must 
contribute something to that increase, making the 
orbit not quite an ellipse subject to the law of time and 
distance. We saw just now that the same difficulty 
prevents the sun's mass from being accurately deter- 
mined from the moon's period and distance. 

You may think however that we have been only 
reasoning in a circle, because we have reduced the 
moon's period to meet its increase by the sun's dis- 



Digitized 



byGoogk 



3 1 6 Weighing of Jupiter. 

turbance, and yet that calculation of the disturbing 
forces at p. 192 assumed the moon's weight to be 
known. But there is nothing in that objection ; for if 
you omit the moon's mass altogether in calculating the 
disturbances, putting 322,700 instead of 318,740 for 
the sun's mass, it makes a quite insignificant difference 
in this result. 

The mass of Jupiter, or any planet with satellites, 
is found from the distance and period of any of them, 
by a calculation like that which I gave just now. For 
Jupiter's absolute mass, or force at the unit of distance, 
=39*48 X the cube of any of his moons' distance (in 
feet) divided by the square of its period (in seconds), 
which you will find in the table at the end. And then 
dividing the result by the 14,076 billions for the earth's 
mass you have the proportion of Jupiter to earth. 

Or the mass of Jupiter may be compared with the 
sun, through any of his moons, as we compared the sun 
with the earth through our moon ; except that Jupiter 
is too heavy to be neglected in comparison with the 
sun, and his moons may be neglected in comparison 
with him — just the converse of the earth. The result is, 

8un _ y & 0's distance^ x C's period' 

Jupiter ^ % & ^'& distance^ x ^'s period* ' 

the I meaning only that Jupiter's mass is not ne- 
glected. This ought to come 1270 or nearly so, and 
308 for the proportion of Jupiter to the earth, as stated 
at p. 217. For Jupiter's mass has been also verified 
several times from his disturbances of some of the 
asteroids, and all the calculations give nearly that 
result. 

The satellites of the greater planets are too small 
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compared with their primaries to be weighed through 
their own periods by the method given for our moon 
just now. The masses have to be found from their 
mutual disturbances. I have taken the latest results 
as given by Mr. Proctor in the B.A.S. * Notices ' of 1872. 
And so the planets without moons have to be weighed 
from their disturbances of each other, and of comets. 
All that belongs to very high mathematics ; but I have 
now shown you how the dimensions and weights of all 
the solar system are measured ultimately by a foot rule 
and the vibrations of a pendulum. 

Laws of Stability. — ^I will finish this account of the 
laws of motion of the solar system by stating three re- 
m)Etrkable laws of its permanent stability or equilibrium ; 
which however are found to be only approximately true, 
and more so for the large planets than the small 
(Challis's * Principles/ p. 137). The first is, that if you 
multiply the mass of each planet (taking the earth, 
or any other, for the unit) by the square root of its 
mean distance from the sun, and by the square of the 
eccentricity of its orbit, the sum of all those products 
is invariable. The second is, that if you multiply each 
mass by the square root of its mean distance, and by 
the square of the numerical value (p» 9) of the incli- 
nation* of its orbit to a certain fixed plane near the 
ecliptic, the sum of those products also is constant. 

The third is the most striking of all. The sum of 
all the areas swept over by the radius vector of every 
planet, satellite, and comet in the whole system, in any 
given time, is invariablCj though they all may be made 

* Strictly it ijB the trigonometrical tangent of the inclination, but the 
angles are too small for this distinction to be important 
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to deviate a little from the law of the conservation of 
areas (p. 307) by their mntual disturbances. The area 
so described by any planet in a second, being constant 
in the same orbit^ is the area of the whole orbit divided 
by the number of seconds in its year ; and that area is 
3*1416 X the product of the two semiaxes, or x the 
square of the mean distance if the orbit may be treated 
as a circle. From this, and the law that the square of 
the period varies as the cube of the distance, you may 
easily deduce another, that the areas described in dif- 
ferent orbits in any time round the same central mass 
are as the square roots of the distances. Therefore the 
aredl veloeUy of distant planets is greater than of near 
ones, though both their angular and linear velocity is 
les8« 



THE STABS AND NEBULiE. 

Hitherto we have been dealing with bodies whose 
motions are manifest and measurable, and their 
distances and sizes also measurable with considerable 
certainty. We have now to consider the infinitely 
larger number of luminaries of which all but very 
few are so distant that we can say nothing of their 
distance, except that it is certainly many million 
times the sun's; and even those few are so far off 
that only the finest observations can perceive any 
parallax or apparent change of place among them 
while the earth travels across a diameter of 184 million 
miles: which means that a sun filling up the whole 
of the earth's orbit would not appear to the nearest 
star as large as the planet Neptune does to us, which 
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is quite invisible withoat a good telescope. For no 
star has a parallax as great as 1", the apparent radius 
of Neptune ; and the parallax of the stars means the 
apparent size of the radius of the earth's orbit seen 
from them. You remember that parallax within the 
solar system means the apparent radius of the earth 
only. The one star with a parallax of nearly i" is 
called a Centauri, and the next nearest, 61 Cygni, is 
nearly twice as far ; Procyon and Sirius* 4 times : then 
a LyrsB and 70 Ophiuchi are above 6 times as far. Or 
the sun would have to fill up more than the orbit of 
Jupiter to appear to those last stars as large as Neptune 
does to us. Arcturus and a few others have a parallax 
just visible^ but too small to be measured with any 
certainty. 

Now let us see what this parallax of o''*976 for the 
nearest star means in actual distance. That angle, 
by the method explained at p. g, has for its numerical 
value 'cxxxx:>47 ; or the star's distance is 21 1,140 times 
the sun's, which makes it nearly 20 billions of miles ; 
and the nearest star is 7000 times farther off than the 
farthest known planet. 

And as light takes 8^ minutes coming from the 
sun, it must take 3^ years to come from the nearest 
star, and 6^ years £rom the next; 14 from the next, 
and 20 years from the other three whose distances are 
just measurable, and still longer periods from all the 
others. As Mr. Froude says in his lecture on the 
Science of History ^ * as the stars recede into distance 

* The elements of Sirius have been altered by some farther 
discoTories since the last edition. See Proctor's ^ Our Place among 
Infinities,' p. 166. 
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time recedes with them; and there are stars from 
which Noah might be seen stepping into the ark, 
and Eve listening to the temptation of the serpent.' 
How far they do recede we cannot tell; for every 
increase of telescopic power only brings more stars into 
view. 

There are indeed perfectly black places in the sky, 
in some instances called ' coal sacks/ with not even a 
nebulous haze, which may be * star dust/ visible within 
them ; but that does not prove that there are no stars 
there beyond the range of vision. For the light from 
each star may be spread so thin at this distance from 
it that the largest telescope-fiill gathered into a focus 
makes no impression on our eyes. Again, light may 
waste in coming, the undulations of the luminiferous 
SBther being worn out by friction, like waves in a pond. 
Indeed if it does not, and if the stars are infinite in 
number, and if their distances apart does not increase 
with their distance from us — ^and there is no reason why 
it should — this curious result must foUaw, that the 
sky would always be as bright as if it were full of suns. 

For in that case every line of sight must reach a star 
somewhere in the infinity of distance and the sky would 
appear quite full of stars. And though the light re- 
ceived from each star would be inversely as its distance* 
yet the number of stars at any distance would be 
directly as the distance*, and every star would hide four 
behind it at twice its distance, and sd on. Therefore 
the light would be the same from every patch of sky, 
whether the stars seen thus are far or near. And if they 
have generally the same intrinsic brightness as the sun, 
the effect would be the same as from a sky full of suns, 



Digitized 



byGoogk 



Possible Injinity of Stars. 321 

and those not round bnt hexagonal or square so as to 
fit close together. The fact however is so different from 
this, that we must conclude either that the stars are not 
infinite in number and extent, or else that light does 
waste in coming. We shall see indeed that they are 
neither equal in intrinsic brightness nor in distance, 
but the difference is by no means great enough to 
account for the visible condition of the heavens if the 
other two assumptions were correct. 

In considering the question of a possible infinity 
of stars, i e. of there being no distance in space where 
there are none, we must remember that that implies a 
corresponding increase of time for light to come, even 
if it does not waste in coming. And as the stars must 
have had a beginning, it may well be that there are 
multitudes beyond number, whose light has not yet 
reached the earth. Therefore all we can say is that 
there is no reason why the stars should not be infinite, 
or the whole of space (which must be infinite) occupied 
with stars as thickly as those we see. It is estimated 
roughly that about 5 millions can be seen with a good 
telescope far below the largest. 

Until lately it was assumed, not as a fact, but pro- 
visionally as a basis for other reasoning, that all the 
stars would appear equal at equal distances ; and it fol- 
lowed that if they were, their real distances would 
vary inversely as the square root of their apparent 
brightness, which can be measured by photometric con- 
trivances, but with no great accuracy; and that is 
the meaning of the conventional word 'magnitude,' 
by which everybody knows that the different orders of 
stars are denoted. For instance, there are 5850 stars 

T 
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of what are • called the first six * magnitudes ;' of which 
only 24 are of the first, 60 of the second, 200 third, and 
so on, and about 150CX) altogether above the 9th 
magnitude. Sir J. Herschel and other astronomers 
proposed various methods of classification or assignment 
of magnitude ; which were interesting and important so 
long as the assumption prevailed that there was some 
relation between apparent magnitude and real distance. 
But Sir J. Herschel himself afterwards admitted that 
there was no foundation for that assumption, and that 
there was * every reason for believing that the distance, 
the absolute magnitude, and the intrinsic brightness, 
may differ in different stars in the proportion of millions 
to one.* * 

It should be understood that this word ' magnitude ' 
has no relation to apparent telescopic size ; for although 
we can now prove that some stars are much larger, at 
at least heavier than others, that is done by no direct 
observations of their size. The largest star seen in the 
best telescope is, or rather ought to be, nothing but a 
point ^ of no parts and no magnitude ', as Euclid says ; 
and the better the telescope the smaller the star looks, 
not the larger. The apparent disc of a star in any 
telescope is nothing but an optical imperfection, and it 
is therefore called the ^spurious disc,' and is due to the 
fact that no telescopic glass yet invented brings all the 
rays of light from any point to an absolute focus in 
any other, as is done by the only perfect optical instru- 
ment, the eye. The largest star, measured by other 
tests than this, could have no sensible diameter in any 
telescope which gave a true image of it. 

* * Outlines of Astronomy/ p. 563 of aU the later editions. 
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It is singular that no systematic attempt to exhibit 
and compare the stellar condition of various portions oS. 
the sky, beyond general statements about the Milky 
Way, appears to have been made till recently by Mr. 
Proctor in his Star Atlas, and the conclusions he 
has drawn therefrom.* The Herschelian theory of the 
Milky Way, which had hitherto been followed in all 
astronomical books, was that the appearance of that 
Gralactic circle (as it was called in finer language) was 
due to the aggregation of an innumerable quantity of 
stars in a form something like a large thin grindstone^ 
of which about half is split and opened out a little, or a 
* cloven disc' as it was called, presenting a section like 
a tuning fork, or a man with his legs apart. Mr. 
Proctor however has shown, by reasoning which has 
never been impeached, that observation does not support 
that theory, beyond the fact that the Milky Way does 
consist of stars much more thickly strewn than they 
are on the rest of the heavens ; but that the true shape 
is far more probably a kind of spiral, of which we 
cannot know the complete shape because we only see it 
edgeways. He gives a picture of one possible form of 
the spiral, though there are others which would do. I 
cannot give any fair abstract of his reasoning here, 
except at too great length, but it is such as requires 
no mathematical knowledge to understand it. 

He also points out that the fact is, contrary to 
the general statements previously received, that just 
outside the borders of the Milky Way the stars are 
unusually thin, as if that mass had drained the neigh- 
bourhood by its attraction. Not only is the Milky 
♦ See hifl * Ecusays on Astronomy,* p. 328, ob * Other Worlds/ p. 258,. 
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Way composed of innumerable multitudes of stars, both 
large and small, but it has twice as many bright stars 
as are due to its space, according to the average of the 
whole heavens. On the other hand, there are patches 
like black holes in it which contain no stars or scarcely 
any. His maps, already noticed at p. 16 for their 
principle of construction, also show that there is a large 
legion round the south pole twice as rich as the 
average^ and another smaller one in the north hemi- 
sphere about the same, while other parts of the celestial 
globe are very poor in stars, and those are closest to 
the rich parts^ as in the case of the Milky Way. 

Looking generally at these results, or at the sky 
itself, it may seem at first that there is nothing in them 
but what might be expected if the stars had been 
thrown there by chance like handfuls of seed upon a 
field. It woold be sure not to fall uniformly, but 
thicker in some places than others. But Mr. Proctor 
calculates the chances of such aggregation and sepa* 
ration as exists among the 5850 bright stars, and he says 
that the fraction representing that chance would have 
I for the numerator and a denominator of no less than 
132 figures; in other words, it is absolutely impossible 
that the distribution can be due to anything but some 
physical cause, though science is not yet far enough 
advanced to discover it. 

He also shows that very exaggerated ideas had been 
formed by Herschel and adopted by others, of the 
necessary distance of the small or faint stars which 
compose the Milky Way. It is singular too that the 
parts of the sky which are poorest in stars are richest 
in nebulte, which we shall consider presently; but I 
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mention that here in connection with this question of 
distribation according to some law or cause which has 
yet to be discovered. 

Motion of the stars- — ^Though we call the stars 
fixed because we do not see them change their places, 
yet in fact they are all in motion. Indeed they must 
be ; for if they had no motion of revolution round 
something, to balance their mutual attraction, they 
must all be rushing together with ever increasing 
velocity to some centre of universal destruction. The 
stability of the utiiverse depends not on rest, which is 
impossible, but motion. It is trae that we do not yet 
know round what centres the stars revolve, or what is 
the order of their motion generally. The theory that 
they all revolve round the star Alcyone is now refuted. 
It is certain too that they are not all moving towards 
any common centre, for the varying motions of many 
of them are ascertained, and indicated in Mr. Proctor's 
maps. Some large stars near together move in various 
and even opposite directions. Nevertheless so many in 
a group often have a conmion motion that they are 
evidentiiy travelling together under the influence of 
some common force, though they are at immeasurable 
distances from each other and from us. 

These are called the * proper motions * of the stars,* 
to distinguish them from the apparent motions, which 
arise from the fact that the sun with all his satellites 
is moving towards the constellation Hercules over about 
150 million miles a year, or rather less than the width 
of the earth's orbit. Consequently the earth's real 
orbit in space is nothing like a circle or ellipse, but 
a twisted spiral, something like a distorted corkscrew 
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with the curves much steeper on one side than the 
other, since the sun's proper motion is very oblique to 
the ech'ptic. 

Until lately it was almost taken for granted that the 
small or fainter stars were always the more distant. 
But Mr. Proctor has made use of the investigation of 
their proper motions to refute that assumption also. 
The apparent motions of distant stars must evidently, 
on the average, be less than of near ones, especially as 
they go in all directions, so that no foreshortening due 
to the direction can account for the difference. He 
says he was surprised to find on the contrary that the 
average apparent proper motion of the small stars 
was equal to those of the first three magnitudes ; and 
therefore, he concludes, Hhere must be myriads of 
really small stars for every leading orb'* at all 
distances. 

When a star's proper motion is directly to or from the 
earth, it is evident that it cannot be perceived. But 
perhaps the most wonderful feat performed with the 
aid of the spectroscope is actually measuring the direct 
approach or departure of a star. Dr. Huggins, P.R.A.S., 
has done this with several stars by a method of which I 
can only give an imperfect account, referring for a more 
complete one to his own work, or Professor Boscoe's 
book on the spectroscope, or to the article on Sinus in 
Proctor's Essays. The waves of light come rather 
fjEister from a source of light which is advancing than 
from a stationary or receding one, as the note of an 
approaching steam whistle or a bell is higher than from 
a receding one : which causes the plettsing variety of 
♦ *Other Worlds,' p. 267. . 
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tone in a swinging bell. And though this difference is 
inappreciable m the colours of the spectrum, which are 
produced by waves of different velocities and lengths, it 
is not inappreciable in those lines called Frauenhofer's 
which we spoke of at p. 87. And by comparing the 
spectrum of Sirius with the spectrum of a fixed light 
in the same direction through the same prisms it is 
possible by great magnification to perceive that some 
well-known line is slightly shifted in the Sirian 
spectrum towards the red end, though the shifting is 
only the 250th of an inch. And it was fonnd by 
proper calculation that that indicated a recession of 
Sirius from the sun of 29 miles a second, after making 
due allowance both for the earth's orbital motion at 
that time and for the sun's. If the bright line is 
shifted towards the blue end of the spectrum it 
indicates approach. Again combining that with the 
transverse proper motion of Sirius, of 16 miles a 
second measurable in the common way, it turns 
out that he has an absolute motion of 1000 Inillion 
miles a year or 33 in a second, which is nearly twice 
the earth's velocity round the sun ; and more than twice 
the sun's own motion^ as just now described. 

It is singular that this mode of measuring motion 
applies equally to stars whose transverse motion cannot 
be estimated because they have no measurable parallax, 
without which their apparent angular motion cannot be 
reduced to miles, except that we know it cannot be less 
than what is due to the smallest observable parallax of 
any star. Some other stars have been found to recede 
at various rates, up to about the same as Sirius, and 
others are approaching us still faster. In some cases 
stars which have always been considered optically of the 
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same family, sach as Castor and Pollux and thode of 
the Great Bear, are found to be moving opposite ways, 
both transversely and directly. 

Double and coloured stars.— A great many stars, 
some say at least a quarter of them all, are not single, 
but consist of two, or three, and even more companions, 
so close together that it is one of the tests of a good 
telescope to be able to ^divide' such and such stars, 
though their distance apart really is enormous. And 
as many of these clearly revolve round each other, the 
connection is not merely optical, or arising from one 
being very nearly behind the other. About 60Q 
brilliant double stars are known, besides the still more 
numerous &int ones, of which above 6000 have been 
counted in the northern hemisphere ; and in 1 10 of 
these the companions have different colours, and one is 
nearly always brighter than the other, the fainter one 
being generally blue. And the brightness and colour 
often change as they revolve, both in double and in 
apparently single stars. Some appear to change their 
colour permanently, if old accounts can be relied on. 

There is one remarkable case of an apparently 
double star of which the companions were once so 
{ax apart that they were considered independent, and 
called 7i and 72 Virginis, which the late Admiral Smyth, 
F.B.A.S., described in a letter to Mrs. Somerville in 1836 
as having then lately come so close together that one 
totally eclipsed the other. The elliptical orbits of 16 
or 17 pairs have been determined ; but unless they are 
near enough to us to have a measurable parallax, we 
can tell nothing of their absolute distances apart, or 
(therefore) of their masses, as we shall presently for a. 
few of them. 
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Everybody has heard of the * lost Pleiad,' by which 
those once famous * seven stars ' have been reduced to 
six. And sundry others have gone out and come in 
within the time of history. In May 1866 a star in 
Corona Borealis blazed up from the ninth magnitude 
to the second, and then faded again, as others had done 
before. Examination by the spectroscope showed that 
this was due to some great outbreak of inflamed 
hydrogen. Nobody can tell that the same thing may 
not some day happen to the sun ; and if it does, the 
inhabitants of the planets will fare badly. The star 
called rf Argus varies from the sixth magnitude to the 
first. Whewell remarked that the periodical obscura- 
tion of Algol cannot be explained by the passage of a 
dark satellite over it, because such a satellite would have 
to be as wide as its own orbit to produce the observed 
effect ; and therefore Algol must have one side darker 
than the other. Blue stars generally have a stronger 
xed companion. 

Many stars examined by the spectroscope are found 
to contain common elements of the earth, such as iron, 
sodium (the base of common salt), mercury, antimony, 
magnesium, &a, besides others not known here, because 
the spectra have lines corresponding to no known 
substances. But the absence of any line is not con- 
sidered to prove the absence of the corresponding 
Bubstance, as it may be there, but not in a state of 
incandescent vapour. Still, if there are elements in the 
stars which are not here, there may be well some here 
which are not in the stars ; and it is said that no two 
stars have quite the same spectrum, so far as they have 
been examined yet. 
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Masses and brightness of the stars.— Now that we 
know Jupiter, and probably the other large planets, 
to be partially self-lnminous, the qaestion whether the 
smaller of a pair of double stars is to be called a satel- 
lite or a companion is little more than one of words. 
But wherever the star has a measurable parallax, and 
the nutation of either of them round their common c. g« 
can be also measured, it is easy to determine their 
masses, both joint and several, as soon as their period 
is ascertained. Calling the larger Sinus (i) and the 
ismaller one (2), their distance apart is measured as 47 
times our distance from the sun (which we take for 
the unit of distance now), and their period round each 
other 49 years. It follows by the same sort of calcu- 
lation as at p. 303 that ^ cj^"^ = ^ = 43'2S- But 
^ ^ ^ Sun 49^ ^-^ ^ 

fiiriusi oscillates on each side of its mean place or 
common eg. 16^; and therefore the joint mass 43*25 
has to be divided in the proportion of nearly 31 to 16 ; 
which makes Siriusi = 28 suns, and Sirius^ = 15^. 

But Sirius is estimated to excel the sun in light (of 
course at equal distances) no less than 192 times, and 
some observers say much more. If the intrinsic 
brightness of any given area of Sun and Sirius is 
equal (but there is not the least reason why it should 
be), that would make Sirius, not 28, but 2688 times as 
large as the sim, or its diameter nearly 14 times as 
great. But if so, its density can be little more than 
a looth of the sun's, or a 4CX)th of the earth's, or 
between a 70th and an 80th of the specific gravity of 
water. There is no known substance of that kind, 
being from 10 to 12 times as heavy as air, of which the 
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specific gravity is about an 840th of water. Therefore, 
if the obseryations are right on which those calculations 
are founded, Sirius must be immensely brighter in- 
trinsically, or else his visible size or photosphere must 
exceed his solid size far more than the sun's does ; and 
how much that is we do not know. He is now thought 
to have four more satellites, the smallest of which is 
bigger than the sun. 

There seems reason to believe that Procyon and 
his satellite are still larger, and Procyoui nearly three 
times heavier than Siriusj, though not so bright.* 
Astronomers have divided the joint mass between the 
pair in the proportion of 80 and 7 ; so that ' Procyon 
exceeds the sun about as much as the earth exceeds the 
moon. The following is a table of the few stars that 
have been weighed in this way ; for though the periods 
and apparent orbits of many more are known, they have 
no measurable parallax, and therefore we know nothing 
of their real distances apart, or their masses. I have 
seen no division of any except Procyon and Sirius. The 
sun is taken as the unit of mass, and his distance from 
us as the unit of distance apart of the companions. 

Stora, 

Procyon ♦ 

Sirius 
70 OpMuchi 
a GeDtauri . 
61 Oygni 

You see a Centauri and its satellite are not very 
different in period and distance from the Sun and 
XTranus. That star is said however to emit three times as 
* B. A. S. ' Notices,* xxuT., p. 26. 



Mass. 


Period. 
Years. 


Distance 
apart. 


Puralli 


• 80+7 


40 


5^ 


0-24' 


. 28 + 15 


49 


47 


0-33 


. 3-1 


96 


30-5 


0'i6 


•41 


81 


15 


0*98 


•31 


520 


45 


0-54 
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much light as the suiiy though its mass is not much 
more than a third of the sun's. The light of 6i Gygni 
is said to bear about the same proportion to the sun's 
as their masses. 

Of course the stars emit heat also. Mr. Stone came 
to the conclusion, frqm experiments, that we receive as 
much heat from Arcturus and from Vega as we should 
from a 3-inch cube of boiling water 383 yards off; but 
that again, Mr. Proctor observes, is far beyond the 
proportion due to their light, compared with the sun's, 
and all such estimates both of light and heat from very 
distant sources can only be regarded as rather wide 
approximations; see pp. 56 and 319 on this point. 

NEBULiB. 

I have already spoken of the grandest of all the 
nebulte, the Milky Way. Generally a nebula may be 
described as a bright patch in the sky, in which one 
or more stars may or may not be visible, and which 
may or may not be resolvable into stars or ^ star dust ' 
by telescopes of very high power. The success of 
Lord Bosse's great telescope in resolving some nebulae 
which had defied all other telescopes led a good many 
people to jump to the conclusion that all nebulsB would 
be resolvable , if we had only telescopesi powerful enough 
to do it ; just as a distant flight of birds^ or a plague of 
locusts in the East, which looks like a black cloud, can 
be distinguished either by coming nearer or by being 
seen through a telescope, which magnifies the spaces 
between them. 

Bat the spectroscope has settled that question also. 
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and has proved that many nebulsB are merely gaseous, 

because their spectra consist only of one or more bright 

lines; and some of them are ascertained to consist 

chiefly of nitrogen. But other nebulsB have a proper 

rainbow spectrum like any solid or fluid body heated, 

and some have an opaque nucleus within a gaseous 

envelope. They are also of various forms to which 

some odd names have been given, such as the Dumb 

Bell and the OraK Some are round and are called 

planetary nebuke, which seems to me a peculiarly 

inappropriate name, since they wander no more than 

the others, and roundness is no peculiarity of planets^ 

and they are self-luminous, which planets generally 

are not, and they are not solid, which all planets are. 

Their smallness is only the effect of distance ; for those 

which have an apparent diameter as small as Neptune 

{2") have no discoverable parallax. If they had as much 

parallax as Arctnrus, the smallest of those above 

mentioned, that apparent diameter would imply a real 

one eight times the diameter of the earth's orbit, or 

that ^smair nebula would nearly fill up the whole 

orbit of Saturn. But in fact it is much larger, and 

we cannot say how much, because it has no parallax 

at all. 

Some nebulas have spiral shapes like wisps or a mop 
in a state of rotation. No rotation has yet been 
observed as a fact; but the velocity of rotation of any 
system varies inversely as the square root of its mement 
of inertia (p. 3CX)), and therefore of its density when the 
mass is given,* and therefore a very light nebulous 

* This is only another form of the law of time and distance so often 
referred to, and proved at p. 303. 
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mass would have a very slow rotation ; and as it also 
depends on the distance (distant planets travelling 
slower than near ones) a very large nebulous mass 
would revolve slowly for that reason also. Moreover 
the rotation of such a mass would have that mop- 
whirling appearance of the outer particles being left 
behind by the inner ones, for the inner ones must go 
faster to preserve the equilibrium between centrifugal 
force and attraction. At least it would be so if the 
density of the nebula increases greatly towards its 
centre, as in those whirling nebulaB it does, according 
to the pictures of them. 

But we must now notice a peculiar result of the law 
of gravity on a mass of loose particles kept apart either 
by mutual repulsion like a gas, or by centrifagal force 
if they are all revolving. In a spherical mass of uniform 
density the attraction everywhere towards the centre 
varies simply as the distance from the centre, because 
the attraction of all the sphere outside each particle is 
nothing (p. 35). Moreover the attraction towards the 
axis of rotation in the plane of a parallel of latitude 
varies as the distance from that axis, either of a sphere 
or a spheroid. But centrifugal force also varies as the 
distance from the axis (p. 302) under any givea 
velocity of rotation. Therefore a whole sphere or 
spheroid, however large, of equidistant particles or stars 
may rotate together without any change of relative 
position among the particles, and consequentiy without 
any motion of any of them being visible from the rest; 
But rotation would not prevent them all from gradually 
collapsing into a flat spheroidal mass in its equator 
under the mutual attraction of the particles in that 



^Digitized 



byGoogk 



Its Law of Rotation. 335 

directioiu No doubt however the stars are all moving 
under some law which is duly calculated to make them 
keep their distance and avoid temporary collisions and 
ultimate collapse. If the particles of such a sphere 
have also a repulsive or expansive force like a gas, 
acting against gravity, the problem is materially 
altered and depends on the law of expansion. 

If the law is invariable that the expansiveness (in- 
dependent of attraction) varies inversely as the space 
within which the gas is confined, doubling the radius 
of the sphere would increase the space eight times and 
therefore diminish the expansive force eight times, while 
the attraction to the centre (the mass being the same) 
would only be reduced four times, i. e. inversely as the 
square of the radius. Therefore there is some size of 
sphere at which the two forces balance each other, and 
a sphere of gas may have a defiaite boundary, as Pro- 
fessor Challis * somewhere says the earth's atmosphere 
must have — ^unless the law of expansion changes, so as 
not to decrease as the cube of the radius increases, 
while attraction decreases only as the square. 

At any rate there is the fact that round nebulae of 
gas are seen, shining by their own light. At one time 
it was thought that these might be masses of stars at 
some distance enormous even compared with that of 
individual stars. But Dr. Whewell in the * Plurality of 
Worlds' advanced an argument fatal to that theory, 
even without the aid of the spectroscope, and applied 
it to two remarkable masses of mixed stars and nebulae, 

* I mention this because the fundamental idea of tbat ingenions 
book, the 'Fuel of the Sun,' was that the atmosphere is baundless, only 
decreasing in demty with the distance. 
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both resolvable and irresolvable, which are called the 
' Magellanic clouds,' in the southern hemisphere. The 
larger of them has an apparent diameter of 6^ or 12 
times that of the moon, which means that it is a little 
wider than a tenth of its distance from us. That both 
the ' clouds/ and all the other round nebulaB too, should 
have the shape of long cylinders with their axes in the 
line of vision from here, is an improbability which 
amounts to impossibility. Therefore they must be 
spherical or nearly so ; and in that case the depth of 
the greater Magellanic cloud (for example) is no more 
than a tenth of its distance. But it contains bright 
stars as well as irresolvable nebulae ; and an irresolvable 
nebula of stars must be, not one tenth &rther off than 
the visible stars, but many thousand times as far. 
Therefore those nebulae cannot consist of stars, if the 
visible stars there are really in the ^ cloud,' and not 
merely in front of it, and so within it optically. 

THE CELESTIAL GLOBE. 

The thing called a celestial globe is a picture on a 
globe of all the stars as they appear in the sky. Pro- 
perly of course such a globe should be hollow and we 
in the inside of it. And in fact all the pictures are 
reversed from what they appear in the sky. Take the 
well-known figure of the Great Bear or Charles's Wain, 
which is much more like the outline of a saucepan 
with a bent handle. As we see it in the sky, and in 
star maps, this handle, or the bear's tail of three stars, 
is on the left hand (except about midnight in winter, 
when it is turned the wrong way up), and the two stars 
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whicli form the outer edge of the saucepan, and are 
the pointers to the north pole star, are on the right 
hand. But it is drawn the opposite way on the 
celestial globe ; which is covered all over with pictures 
of those Bears, Lions, Virgins, Scorpions and other 
things, into which the ancients— and some modems too 
— ^fancifdlly divided the groups of stars and called them 
constellations. The particular stars are usually denoted 
by Greek letters attached to the Latin name of the 
constellation, as a (Alpha) Lyrse (the brightest northern 
star), a Centauri (the nearest), /8 (Beta) Leonis, 7 
(Gamma) Draconis, which was the * pole star ' 4000 
years ago (p. 71), and some by their numbers in a con-* 
stellation, as 61 Cygni, &c. A few have names of their 
own, as Sirius, Alcyone, Polaris, now the pole star within 
I® 24', but once 12® off the pole in consequence of 
precession; and it will be as near as 26 in 360 
years. 

Another thing which a celestial globe has on it is the 
Zodiac^ which is a band of 8° on each side of the 
ecliptic, or 16° altogether, and on which are the constel- 
lations of the 12 Signs of the Zodiac, and within which 
all the planets have their orbits, except some of the 
Asteroids. But as I explained at p. 66^ the signs have 
left their constellations nearly 30° within the time of 
astronomical records. Therefore you see on the celestial 
globe the two crossings of the equator and ecliptic, 
cp and =£i=, lying towards the left hand of the picture 
of the fishes and of the lady called Virgo, the Astraea 
of the poets, who holds the scales of justice (Libra) 
in her hand. Celestial globes, like terrestrial, are 
made to turn upon the poles of the equator, not on 

z 
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the poles of the ecliptic. One would be just as right 
as the other for a celestial globe, only they represent 
different things: turning the globe on the poles of 
the ecliptic would represent the motion of the moon 
round us in 29^ days (subject to her slight departure 
of S*' from the ecliptic) and the apparent motion of 
the sun round us in a year. 

Turning it on the poles of the equator represents the 
daily rotation, and enables us to see how the stars rise 
and set on any day, and the time they are visible. For 
though the sidereal time of rising and setting of the 
stars at any place is constant, the solar time of it 
varies with the sun ; and the attitude of the earth with 
respect to the stars at midnight in summer is the same 
as at midday in winter; so that if the sun were 
darkened at noon any day the aspect of the heavens 
would be the same as it is at midnight six months off, 
except as to the moon and planets. For you may 
consider the earth fixed, and the sun going round it. 
If you want to find the aspect of the heavens at any 
given time here, elevate the north pole 514°* above 
the northern part of the horizon, or the equator 51^° 
above the southern part. Find the place of the sun on the 
ecliptic from his longitude given in almanacs, and bring 
him down to the under side of the meridian and set the 
hour circle to XII there. Then the upper half of the 
globe shows the stars above the horizon at midnight ; 
and by turning the globe with the hour circle, you 
will find those visible at any other time of night. 

* This does not necessarily mean 51} as marked on the brazen 
meridian^ for they are not all graduated according to latitodoi but some 
from the poles ; or partly one and partly the other. 
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No stars within 51^^ of the pole ever set here. They 
are only put out by the sun at different times daily ; 
nor do any within 5 1^'' of the south pole ever rise here 
by either day or night At the north pole in winter 
they see all the northern hemisphere of stars, and no 
more, all through their six months' night At the 
equator every place sees all the stars of both hemi- 
spheres every night, except those which they lose in 
twilight; for their horizon, formed by two opposite 
meridians, sweeps round the whole sky in their constant 
night of twelve hours ; or half the stars rise and half 
set every night Between these extremes there are 
all the variations due to latitude and to the sun's posi- 
tion north or south of the equator. 

Eight ascension and declination.— I have already, 
said at p. 65 that longitude of the heavenly bodies 
is measured from cp on the ecliptic, and not on Ihe 
equator from the meridian of Greenwich : which indeed 
would be nonsense, as Greenwich is changing its 
position with reference to every star every minute* 
Perhaps it might as well have been measured on the 
equator, as another name has had to be invented for 
the measuring of the stars along the equator from that 
point cp where all the celestial measures of that kind 
begin. That other name is Bight Asceimon, commonly 
written short B. A. ; and there is no east and west in it : 
it nms on from o to 360° on the celestial globe, and 
from left to rights to correspond to the earth's moving 
as it does through space from right to left in this 
hemisphere (p. 41). The thing which corresponds to 
terrestrial latitude for the stars is called declination; 
that is their distance from the equator. R A. is also 

z 2 
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measured by time, like terrestrial longitude, at 15^ to an 
hour. 

There is also hdioeenbrie longitade, which is the 
angle between two planes through the sun's centre and 
perpendicular to the ediptic, one through the planet 
and the other through qp ; while geoeenbrie or common 
celestial longitude is the angle between two such planes 
through the earth's centre. So the terrestrial longitude 
of any place is the angle between the two planes forming 
meridians, which both go through the earth's centre, 
intersecting all along the polar axis, one through the 
place in question and the other through Greenwich 
observatory, or whatever place each nation takes for its 
zero or 0° of longitude. The decUnaUon great cvrdes for 
B. A. also intersect in the polar axis, only the zero is 
at cp ; but the qwrn^meridicms for celestial longitude 
intersect in the poles of the ecliptic. 

Polar distance is the complement of declination, or 
the difference between the declination and 90^ This 
is so much used that it is abbreviated iu almanacs for 
our hemisphere into N. P. D. So the zenith distance 
of a star is the complement of its aUitude above the 
horizon. The distance of the pole, or pole star (if it 
were exactly there) above the horizon, or the distance 
of the zenith from the equator, is the latitude of the 
place where you are ; and the distance of the pole from 
the zenith is the colatitude^ or the difference of the 
latitude from 90^. 

The 'horizon ' in astronomy does not mean the acci- 
dental boundary of your sight by earth or sea, but a 
plane through the middle of the earth parallel to the 
level ' surface .of water or mercury where you are, or 
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to which the plumb-line is perpendicular (see p. 4), and 
extended to the sky. The dip of the horizon is the 
angular distance that you can see below the hemisphere 
of sky of which the base is the level plane through your 
eye ; and it is evidently greater the higher you are 
above the earth. The lowest point, opposite to the 
zenith, is called nadir ; both of which words came from 
Arabia, like the whole contrivance of our common 
numbers, without which arithmetic must have stood 
stilL 

The word Azimuth also came from there ; which was 
explained at p. 141, and is to Altitude what Longitude 
is to Latitude, and what It. A. is to Declination ; viz., 
the distance between two great circles like meridians, 
passing through the zenith instead of the pole ; and it 
is reckoned from the north point of the horizon ; bat 
the Prime Vertical goes through the zenith and the 
east and west points. Cdestial latitude is measured from 
the ecliptic, as terrestrial latitude is from the equator. 
Formerly the longitude of the planets was, and in some 
almanacs still is, given by the signs, as =^ 25°, or X 6% 
but more frequently now by the corresponding number 
of degrees, 205**, or 336°. 

An ecliptic is generally drawn on terrestrial globes, 
crossing the equator at 30^ west and 150^ east longitude. 
But there is no reason for its crossing at one point 
rather than another, and in fact an ecliptic has no 
meaning there, except as a ready mode of seeing over 
what latitude the sun is vertical at any time of the 
year; and that may be done as well by taking his 
declination from the almanac, which is the same thing 
as terrestrial latitude. On the celestial globe it has a 
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meaning and a proper place ; and the great circle half 
way or 90° from cp and ^^ which tiierefore passes 
through the poles of the equator and ecliptic and the 
places of the solstices, is called the soUitiai cdwre. 
' Orreries — so named after a Lord Orrery who bought 
a fUm^rium 170 years ago — are of great antiquity 9 
and may be called working models of the solar system. 
In old times of course they made the earth its centre ; 
but they were made by Huyghens and Bomer to illus- 
trate the Copemican system and the motions of Jupiter's 
moons, and much later by Dr. Young and other astro- 
nomers. By a proper combination of wheels, of which 
I gave a simple illustration at p. 77, they can be made 
to show all the regular motions of the earth, moons, 
and planets, the changes of seasons, and the conditions 
of eclipses. Bat an orrery with a moon only a quarter 
of an inch wide, and an earth of an inch, ought to have 
a Jupiter of 1 1 inches, a Saturn's ring of 21, a sun of 9 
feet» and a platform of 1 1 miles' diameter to take in all 
the orbits of the planets on their proper scale. 
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CHAPTER VI. 

OK TELESCOPES. . 

Books on astronomy generally give some account of 
the modes of mounting and using telescopes for different 
purposes, while the explanation of the principles or 
^ theory ' of the telescope itself is left to treatises on 
optics.* But for that simple looking tube, with only a 
large magnifying glass at one end and a small one at 
the 'other, we should hardly know more of astronomy 
than the Chaldeans did^ or at any rate Copernicus, who 
only guessed but could not prove that the sim is the 
centre of the solar system ; nor should we be able to 
measure a single celestial distance, or even the earth 
itself accurately, or navigate the great seas with cer- 
tainty of readhing any given place, and the civilization 
of the world would stand still. 

I said at p. 43 that Galileo was the first inventor 
of telescopes ; and so he was for astronomical purposes, 
though it appears that they had been made above 
three centuries before in England by the famous Friar 
Eoger Bacon, already mentioned at p. 159, who was 
the greatest philosopher from his own time to that of 
his more celebrated namesake Francis Bacon, Lord 
Yerulam and St. Albans, commonly called Lord Bacon, 

^ There is a clear and concise treatise on optics in Chambers's Edu- 
cational course, requiring very little knowledge of geometry. 
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which he never was. Friar Bacon also inyented gun- 
powder, and so many other things that he was aecmed 
of magic, like Dr. Faustus one of the inventors of 
printing, and imprisoned by the Pope for ten years — 
much longer than Galileo, and only released when he 
was 74, after which he lived six years, and died at 
Oxford in 1294. But the invention perished with him, 
and was lost till it was made again by Jansen and 
Lippershey in Holland, in what form is not known, and 
very soon afterwards by Galileo in 1609, in the form 
which still survives in opera-glasses ; which, as every- 
body knows, are always made double or binocular ; and 
it is remarkable that the early astronomical telescopes 
of other kinds were generally double, which has long 
ceased to be the case. 

That was however soon superseded by what is called 
the ' astronomiced telescope,' as the best kind of watchea 
are called chronometers, though all watches are or 
profess to be chronometers or time-measurers. Kepler 
seems to have suggested this construction first, though 
he did not execute it, nor perceive all its advantages. 
One Father Scheiner was the first who did it, and it was 
afterwards improved by Father Bheita ; and still more 
in 1656 by the celebrated Huyghens, who discovered 
the true law of refraction, and also invented a compound 
eye glass which is still for some purposes the best. For 
the present I only say that Galileo's telescope is a short 
tube with a large convex lens, or one thickest in the 
middle, at one end, called the object glass, and a small 
concave one called the eye glass at the other end« The 
^astronomical' difiers from it in having a convex eye 
glass at the end of a longer tube. la both the object 
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glass mast be flatter than the eye glass to produce any 
final magnification : indeed the amount of it depends 
entirely on the proportion of the curvature of the eye 
glass to that of the object glass. We shall see that 
its action is quite different from a single magnifjring 
glass. 

Space-penetrating power.— But befoie we talk of 
magnifying there is another part of the business of 
telescopes, which is much more simple, though less un- 
derstood by most people, who are satisfied with knowing 
that a telescope is a combination of glasses for making 
distant things look nearer by magnifying them. It is 
not by means of magnification that telescopes enable 
us to see millions of stars beyond what the eye alone 
can see : or as it is called, to penetrate farther into 
space. The space-jpeneiratinff power depends simply on 
a telescope being a very large eye, and bringing into 
our eye as many more of the rays from each point of a 
distant object as the area of the object glass exceeds 
the area of the pupil of the eye. It is true that a 
telescope cannot bring into the eye all the rays it 
receives unless the magnifying power is at least equal 
to the width of the object glass divided by the width of 
the pupil ; but the magnification of powerful telescopes 
far exceeds that. 

To measure that power we must remember that we 
should want an eye four times as larffe, or twice as wide 
to see a star just visible now, if it were removed twice 
as far ; since the rays are spread out four times as thin 
at twice the distance. Besides that, at least one eighth 
of the light is lost in passing through the glasses; 
which is the same as if the area of the object glass 
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were only | or its width y/\ or '935 of what it really is. 
Therefore the space-penetrating power of a refracting 
telescope is to that of one eye as '93 of the width of the 
object glass is to the width of the pupil — nearly a 
quarter of an inch ; or it varies^ not as the area, but as 
the width of the glass. 

By far the largest telescopes that are made have 
concaye mirrors instead of object glasses, as I shall 
explain afterwards ; and their space-penetrating power 
would be greater in the same proportion as their width ; 
but much more light is wasted by reflection than by 
passing through glasses : indeed nearly half generally 
instead of one eighth. Therefore the space-penetration 
of Lord Bosse's telescope, whose mirror or speculum is 

6 feet wide, is ^ X 4^ or 144 times that of a pair 

of eyes; for the power of two eyes is V2 times that 
of one, on the same principle as just now stated. This 
means that the telescope will penetrate a sphere of 
stars of 144 times the radius that we can see without it ; 
and therefore, if the stars were scattered equally thick 
all through what we can only call infinite space, we 
should see 144' or nearly 3 million times the usual 
number with such a telescope. In some books it has 
been put much higher; but they neglect the loss of 
light, and compare with one eye only. The largest 
refracting telescopes yet made have been — one by the 
late Thomas Cook of York for Mr. Newall, with 
a glass of 25 inches, and a still larger one by Alyan 
Clark for the United States Nayal Observatory in 
1873, with a 27^^-inch glass haying a clear opening 
within the rim of 26 inches, and a focal length of 30 
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feet. The penetration of that would be about 67 times 
a pair of eyes by the above mode of calculation, or 
would see above 3CX),ooo times as many stars. 

Magnification. — ^In both cases the whole of the rays 
received by the telescope are made to converge by the 
mirror or object glass in just the same way as the rays 
from the sun converge into a small bright spot or 
image of the sun in a common burning glass. But this 
is ccmnected with the other part of the business of 
telescopes, which requires a good deal more explaining. 
Magnification, either by a single convex lens or by any 
combination of glasses, consists in the rays which come 
to the eye from the outside of an object being made to 
come at a wider angle with each other than they do 
naturally. But this is not all : if it were, a common 
2-inch magnifying or burning glass which makes a 
bright spot at 3 inches from the glass would magnify 
the sun from 32', its apparent diameter to the naked 
eye, to 37°: that being the angle at which the outside 
rays converge to a focus through such a glass. 

Indeed if you could look at the sun through such a 
glass with your eye at the focus without burning it out 
•^as you may at the moon — ^it would appear magnified 
enormously; but then it is all in confusion, because 
the rays from each point of the sun or moon are not 
brought to a point again at the back of the eye, where a 
distinct (though inverted) picture of everything seen 
must be formed if it is to be seen distinctly. The pic- 
ture of the last thing seen actually remains there for a 
time after death, as Scheiner discovered long ago. The 
condition for distinct vision is that the bundle or pencil 
of rays which come from each point of the object to the 
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glass shall be brought to the eye in a parallel state, like 
a thin stick of straight wires (or rather diverging for 
short-sighted eyes), bat the pencils from the variatM 
points of the object must make some sensible angles 
with each other if it is to have any apparent size ; and 
the wider those angles are the more it is magnified. 

It may occur to you to ask what is the use of apply- 
ing telescopes to the stars when no magnifying power 
will make them look any larger (p. 322). The use is 
to measure their distances from eaeh other and from 
the meridian or the equator, or any other circle ; for 
those distances are magnified by the telescope, and are 
measured by the time the star takes to moye over them, 
or by the angle which the telescope has to be moved 
through from one star to another. 

Again you may say that terrestrial objects seen 
through a telescope do not appear larger than usual 
but only nearer. But that is exactly the same thing ; 
for, as I have said several times, the apparent size of 
anything has no meaning except with reference to its 
distance ; and it is only because we know by experience 
the size of houses, trees, and men, that we do not think 
of them as appearing larger when seen near than £Etr off. 
When we come to mountains or buildings above the 
usual size we are constantly deceiyed, and generally 
take them to be smaller and nearer than they are. 
On the other hand very small things do appear yery 
large through a microscope, which is only a telescope 
adapted for near objects, because we can never see them 
so large with the naked eye, in consequence of the eye 
not being able to see anything distinctly nearer than 5 
or 6 inches ; for then the rays from each point diyerge 
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too much to be brought to points again by the lenses 
of the eye, and to form a distinct picture on the retina. 

The short explanation of an astronomical telescope is 
this; see the figure at p. 359. Bays of light spread 
from the point A of the object $ in all directions. A 
certain number or pencil of them is received by the 
object glass OPQ fdl over it : after passing through 
that conyex lens they converge to a point or focus/. 
In like manner the rays from another point B come to 
the object glass, crossing the A rays without at all 
interfering with them, and then converge to another 
point % at the same distance as/; and in that way 
an inverted image/* of the object AB is formed there, 
which is as much smaller than the object as 0/ is 
less than OA, and very near the eye glass a5e. Then 
the rays that came from A diverge a little from /to a, 
and the B rays to t, and there both pencils are re&acted 
and made to come, each in a parallel state, into the eye 
at E, but making a much wider angle oElb with each 
other than they did coming from the object : which is 
the increase of apparent size or magnification* For the 
rays in each pencil are changed by the eye glass from 
diverging into parallel ones, which is the state the eye 
requires for distinct vision. 

Law of refraction. — But though this is enough as 
a general description of a telescope, I have given no 
reasons yet for anything that the lenses do, nor 
explained what the magnifying power is for any given 
pair of glasses. If you want to understand these things 
we must begin again with refraction, and see how they 
all come from one tolerably simple law — ^not to go 
farther back into the causes of tbat, which are far more 
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complicated. For this purpose we must use a figure. 

ABO is a prism or wedge 
shaped piece of glass, 
and Sa a ray of light 
entering it at a from 
the air, and XaY per-> 
pendicular to the sur* 
face. Then instead of 
the ray going on 
straight, it is bent aside 
at a into the direction 
oi nearer the perpen- 
dicular, unless it hap- 
pens to be itself perpendicular, in which case only it 
goes straight 

So long as the obliquity is small, as it always is with 
the rays which fall on telescope lenses, the angle SoX 
in the air may be considered to bear the constant pro- 
portion of f to the angle hoY in the glass : which 
number is therefore called the mdex of refraction for 
glass ; as 1^ is for water (compared with air) and 2*44 
for diamonds. At h the ray emerges again out of glass 
into air, and follows the same law, turning off into an 
angle ZbG which is | of the angle o&Y in the glass, 
YVL being the perpendicular at the surface. The angle 
in the thinner medium is generally called the ^ angle 
of incidence ' and that in the denser one the ^ angle of 
refraction ;' but they are just the same whichever way 
the ray is going, and it is better to think of them 
as the air angle and the glass angle. 

If the two surfaces of glass were parallel, it is evident 
that the second refraction at h would just balance the 



Digitized 



byGoogk 



Refraction through a Prism. 351 

first at a^ and the ray would emerge parallel to its first 
direction, only a little pushed aside, according to the 
thickness of the glass and the obliquity of the incidence 
on either surface. But if the surfaces are inclined, the 
emerging ray (whether it is Sa or Gib) deyiates from 
its original direction, as you see in the figure, and is 
brought downwards towards the thickest part of the 
glass, or away from the angle C, called the refracting 
<mgle^ where the two refracting sur&ces meet It may 
be proved by a little geometry that the deviation is 
half the refracting angle of the prism ABC ; i. e., if Sa 
is parallel to BAG or any other line in that sort 
of position, the angle &6A will be half the angle C, 
provided the angles at a and h are small ones ; and 
they cannot be both small unless C is. 

Though this is not a treatise on optics, yet to prevent 
mistakes 1 had better tell you that when the angles of 
incidence and refraction are not small the relation 
between them is not quite so simple. If you draw any 

SX 

line SX at right angles to aX, the fraction -q- is 

called the sine of the angle SaX, as already stated 

in effect at p. 276. And the true relation between 

the two angles, either at a or b, is that the sine of 

the air angle is | of the sine of the glass angle. 

You will find in books of mathematical tables the sines 

SX 
of all angles up to 90% where n— evidently becomes i, 

and the sines can go no farther, but decrease again ; 
but so long as the angles are small, the sines increase 
in very nearly the same proportions as the angles them- 
selves, which simplifies telescope calculations materially. 
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Internal reflection.— On the other hand when you 
get np to 41^ 48'y the sine of that is f ; and therefore no 
glass angle beyond that can have any corresponding 
air angle, as there is no angle with a sine greater than i . 
And then comes the remarkable consequence, that a 
ray trying to emerge from glass at any greater obli- 
quity than that, which is called the critical a/nfflCy can- 
not get out there at all, but is reflected back again, 
more completely than if the back of the glass were 
silvered for a mirror. Thus if the angle ohY in the 
figure were as much as 42"^, the ray would not go out of 
the glass, but would be reflected to on the third side of 
the prism, and there go out to E with the usual refraction, 
unless it arrived at also too obliquely to get out, when 
it must try again at the side BC, The critical angle of 
water is 48^°, and of diamonds only 28° : which is the 
reason of the brilliancy of diamonds, and of dewdrops 
which stay on certain leaves unbroken, viz., that a great 
deal of the light falls on them too obliquely to pass 
through their back surface, and so it is reflected. 

Beflecting prism. — ^Therefore if light falls directly 
(i. e., perpendicularly) on one of the narrow faces of a 
prism whose angles are 90®, 45° and 45**, it reaches the 
wide face at the same angle 45° ; and as that exceeds 
42°, it is all reflected out directly at the other narrow 
face, at right angles to its original direction ; and such 
a prism is a far better reflector than a flat mirror set at 
the angle 45^ to reflect at right angles. You will see at 
p. 377 the use which is now made of this in Newtonian 
telescopes. A little light indeed is reflected at every 
change of surface, which is the reason of the loss of 
light in passing through the glasses of telescopes, but 
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only a little until the critical angle is reached. You 
will see how this is turned to account in telescopes for 
looking at the sun (p. 380). 

If you find it difficult to believe that light cannot 
get through a transparent medium any where, you may 
verify it by hanging something a little under water on 
the far side of a trough or basin, and looking at it while 
you bring your eye down to the water on the near 
side. At a certain distance it will vanish, although you 
can see the far side of the trough below and beyond 
it. The reason is that the rays which ought to come 
from it to your eye reach the surface of the water too 
obliquely to come out, and are reflected down again 
internally, as you would see if your head were under 
the water instead of over it. 

Thus far there is no material difference between a 
thin prism of which ABC is a section and a convex 
lens; for though its faces are segments of spheres 
(either alike or not), a ray passes through it exactly as 
it would through a prism touching it at the points a, i, 
as I have drawn the figure. But when many rays fall 
on different parts of the surface, a lens will manifestly 
affect them all differently; and those which fall near 
the edge will be more refracted than those near the 
middle, because the surfaces are more inclined to each 
other near the edge than near the middle, where they 
are parallel. And it fortunately happens that all the 
rays from from any one point, far or near, after passing 
through a convex lens, whether directly or obliquely, 
converge again (very nearly) to another point or focus 
somewhere in a straight line through the first point and 
the centre of the lens ; which line is called the axis of 

2 A 



Digitized 



byGoogk 



354 Focal Length of Lenses. 

that pencil : as yoa may see with the rays spreading 
from A or B over the lens OFQ in the astronomicid 
telescope at p. 359, and converging again to / and i in 
the axis of each pencil. 

Focal length. — If the rays come from a point so 
far off that they are practically parallel^ the point 
of convergence is called ihe focns of the lens, and its 
distance from the lens is called the focal length. Con- 
versely if rays emanate from a point at the focal length 
they will emerge from the lens parallel ; but if from a 
point nearer, they will not converge at all, bnt only 
diverge less than before: if from a point beyond the 
focal length, they .converge to a ibcns somewhere 
beyond ihe focal length on the other side. These two 
points of divergence and convergence are called eon^ 
gaite foeiy and are related by a very simple rule : if the 
distance of one is u and of the other v and the focal 
length/, then v is the product of fu divided by their 
difference, u being greater than/: if it is less, then v 
is the distance beyond u from which the rays appear 
to diverge after passing through the glass. 

The focal length of a glass lens bears a very similar 
relation to the radii of curvature of its two surfaces. 
For it is twice their product divided by their sum; or 
by their difference, if one side is concave but the lens 
effectively convex, or thickest in the middle, which is 
called a meniscus. Therefore the focal length of an 
equi-convex lens is the radius of curvature of each face, 
and of a plano-convex it is twice the radius of curvature 
of the one spherical face. Another practical rule is 
that the focal length is the square of half the width of 
the glass divided by its effective thickness or excess of 
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the middle oyer the edges. But these roles only hold 
for glass^ whose refractive index is §. 

Concave lenses also have a focal lengthy which may be, 
calculated by the same rules^ but it means a different 
thing. When parallel rays fall on such a lens they are 
made to diverge as if from a point on the same side 
as the object, and. the distance of that point is called 
the focal length. Bays really coming from that pointy 
or any other, by no means emerge parallel, but are 
spread out wider by a concave lens. 

A pencil of rays may pass either ' centrically ' 
through a lens, like the pencil KOf and all the others 
through the object glass of the telescopes (p. 359), 
or ^ eccentrically ' as they do at a and h in the eye 
glass. The surfaces across the centre of a lens are 
practically parallel to each other, or perpendicular to 
the axis of any pencil of rays through the centre ; and 
therefore centrical pencils are not refracted at all, though 
the rays which compose them are refracted to a £dcus 
somewhere in the axis of the .pencil Bat eccen*- 
trical pencils are wholly refracted, and bent inwards, 
and so made to converge to the eye E beyond the 
lens. 

That alsa shows how a common magnifying glass 
or convex lens magnifies things near the focal distance. 
All the points in the object, except the middle one, 
are seen by eccentrical pencils, whidi are refracted and 
made to converge to the eye at wider angles with each 
other than the pendls by which those points are seen 
without the glass. Without the glass the apparent 
size of £ would be/Et (drawing lines /E, lE to the 
eye) ; with the glass it is aEb, a much larger angle. 

2 A 2 
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If the object is mnch nearer the glass than its fooal 
length, the rays of each pencil diverge too much for the 
glass to make them parallel enough for distinct vision ; 
and besides that, the angle /Ei is then nearly the 
same as aE6, and so there is little magnification. On 
the other hand, if it is too far off, the rays of each 
pencil converge into the eye and again produce in- 
distinctness ; and the pencils also become so nearly 
centrical that there is no sensible magnifying. The 
magnifying power of a glass for objects near its focus 
evidently varies inversely as the focal length. 

Images. — But . a magnifying glass has another and 
a very different effect, much less known, on which the 
action of a telescope depends. If you fix a common 
longHsighted spectacle glass in the open window, and 
recede from it, any object which you see through it 
becomes more and more confused, until it suddenly re* 
appears inverted and smaller. In fact it is no longer 
the object itself that you see, but its image, formed as I 
described at page 349. If the object is so far off that 
the rays of each pencil may be called parallel, the image 
will evidently be at the focus of the lens ; and smaller 
or laiger according as the focal length is less or greater ; 
for the size of the image is to the size of the object as 
the focal length is to the distance. If the object is 
only a little beyond the focal length, the image is farther 
off and larger, as in microscopes. So the transparent 
pictures put upside down into a magic lantern, a little 
beyond the focus of a convex lens, cast a magnified 
image of themselves upright on the wall, or on a wet 
sheet if you want to see them from the other side. On 
the other hand the small bright spot under a burning 
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glass is the image of the sun, taking his shape reversed 
in an eclipse^ or that of the crescent moon. 

Spectacles. — Short-righted eyes require the rays 
from each point to come in a diverging state, as they 
do when the object is very near, though the pencils 
from the different points then come more converging, 
and so the object looks larger than average eyes can 
ever see it. Therefore concave spectacles suit riiort 
sight, which make the rays diverge. LongHsighted eyes 
require parallel rays, and therefore cannot distinctly 
see things near, without convex glasses to make the 
diverging rays parallel, not really to magnify the objects, 
though they do so. Holding a book far off makes the 
rays of each pencil come parallel or nearly so, but it 
also makes the letters appear smaller and send less 
light into the eye; so that it is the same as reading 
smaller print by a worse light ; therefore it is better to 
use spectacles. But old eyes also require more light 
than young ones, besides the alteration of the focus, and 
therefore stronger spectacles for candlelight. It is odd 
that short-sighted eyes do not become mean-sighted 
with age, though mean-sighted ones almost always 
become long-sighted. It is still more odd that they 
occasionally recover at a great age. 

When we talk of parallel rays, it always means the 
rays of one pencil and not the rays of different pencils ; 
only the stars are so far off that the pencils of rays from 
their outsides come to us at no angle that can be 
measured by the utmost magnifying power, and there- 
fore practically as parallel as the rays of each pencil ; 
and that is why a star in the largest telescope looks 
nothing but a point, though Neptune or the satellites of 
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Jupiter can be magnified into discs of yimble size. For 
the rays of a pencil diverge no more than the width of 
the ^lott divided by the distance^ while the extreme 
rays or pencils from a planet make an angle s the 
width of the plcMd divided by its distance. 
• Astronomical telescope. — You can now nnderstand 
the operation of an astrcmomical telescope, and how 
its glasses must b» placed, and how much it magnifies. 
The image being formed at the focus of the object 
glass differs from an ordinary small picture in the 
fact that the rays can only go from it in the direc- 
tions in which they are sent by the object glass. Con- 
sequently the eye glass must be exactly at the proper 
place to receive them and bring them in a proper state 
for vision to the eye ; that is, for ordinary eyes it must 
have its own focus coinciding with the image or the 
focus of the object glass, and be moved nearer to it for 
short-sighted eyes which require diverging rays. 

Kagnifying power. — ^Then for the magnification: 
the pencils aE, &E are parallel io fe, ic, the lines from 
/ and % through the centre of the eye glass, because / 
and i are at the focal distance ; and so the apparent size 
of the image dEh s foi, instead of AOB the naturally 
apparent size of the object, which is evidently the same 
as /Of. Those angles being small are inversely as the 
distances of the image fi from and e (the angles are 
immensely exaggerated in the figure for distinctness); 
or the magnification is the focal length of the object 
glass divided by that of the eye glass. And that is the 
case in all telescopes, except two of the reflecting ones 
which I shall mention afterwards. 

You see then that the business of the object glass is 



Digitized 



byGoogk 



Astronomical Telescope j and Galilean. 359 



Digitized 



byGoogk 



360 Galileo's Telescope. 

not to magnify the object, but to form an image of it to 
be magnified by the eye glass ; and the flatter the 
object glass is the larger is the image that it forms. 
The average apparent diameter of Jupiter being nearly 
40" or '0002, the size of its image from a glass of 10 
feet focal length is '024 inches ; and with an eye glass 
of I inch focal lengthy the apparent diameter of U 
will be magnified 120 times, or into 80', or nearly 3 
times that of the sun or moon, and Jupiter will look 
7 times as big as the moon, and Saturn nearly as big 
as the moon. But magnifying power is reckoned by 
diameter and not by disc, which varies as the square of 
the diameter.* 

Galileo's telescope (see figure at p. 359) has a con- 
cave eye glass placed at its own focal length before the 
focus of the object glass instead of behind it. Therefore 
it makes the rays of each pencil come out parallel, but 
the pencils themselves diverge into the eye at an in- 
creased angle Icay instejid of converging to E. But 
that produces a widened image in the eye just as well. 
Here no image is formed in the telescope, and there is 
no inversion ; for though the pencils Aa, B5, cross at 
as before, the A pencil from the top of the object comes 
into the eye in the direction lea, as from the top of a 
larger ? , and the B pencil Fcfc comes from the bottom. 
The crossing of the apparent directions does not signify. 
In the astronomical telescope the rays cross in a different 
way at E where they enter the eye, and a diaphroffm or 

* This does not apply to adyertiflements of miciOBOopes magnifying 
drops of water many thousand times ; they evidently call a magnifi- 
cation of two hundred, 40,000 : possibly they even reckon the insects 
in a drop of water by cubical size. 
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plate nvith a hole in it is fixed there to guide the eye 
to the proper place. 

Field of View. — ^But the capacity or field of view in 
the Galilean telescope is limited by the size of the pupil 
of the eye, as the pencils diverge into it ; and for the 
same reason very high magnifying powers cannot be 
used I have drawn all the parts of both telescopes out 
of all real proportion, or else the small angles made by 
the rays would not be visible. The field of view, or the 
largest apparent diameter that can be seen at once, is 
evidently the angle aOh or AOB, or the width of the 
pupil divided by the length of the telescope, even if 
the eye is close to the eye glass : which is a reason for 
keeping them short. In the astronomical telescope 
that angle is not the width of the eye, but the width of 
the eye glass, divided by the length of the telescope, 
measuring by the axes of the two extreme pencils, which 
however allows half of their rays to slip over the edges 
of the eye glass. And the field is limited to that by a 
diaphragm or plate with a hole in it fixed across the 
focus to stop any pencils more oblique than those whose 
axes fjoll just within the eye glass. Glasses of higher 
power or shorter focal length are also smaller, and so 
the field of view is less the higher the power that is 
used in the same telescope. 

Long telescopes with high magnification often have a 
finder set upon their back, which is a short and small 
telescope of less power, in which the eye glass is much 
larger in proportion to the length, and therefore the 
field of view greater. This also was an invention of 
Newton's. 

Another serious defect of the Galilean telescope for 
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astronomy is, that, as the rays never reach a focns, there 
can be no cross wires set there to mark the transit of a 
star, or to define its exact position, which is a most 
important part of the business of telescopes. The 
inversion by the astronomical telescope does not signify. 
In land telescopes of that construction another lens, or 
more, is introduced to reverse the image back again, 
and then it is far better than the Galilean. 

Brightness.— Although a telescc^ gathers mneh 
more light than the eye, and would act as a burning 
glasSy it does not make objects look brighter, but dim- 
mer. For if all the light received by it enters the eye, 
it can only exceed that received without the telescope 
as the area of the object glass exceeds that of the pupil, 
or as the squares of their widtha And if you diraw a 
pencil of rays going centrally through both glasses you 
will see that its width at the object glass (which is the 
width of the glass itself) is to its wid^ at the eye glass 
(and therefore to that of the pupil, if the whole pencil is 
to enter it) as their focal lengths, or as the magnifying 
power. But the rays are spread out wider and thinner 
over the magnified object or image in proportion to the 
square of the magnifying power, and therefore (under 
the above condition) as the area of the object glass is to 
that of the pupil. So the magnification diminishes the 
brightness at least as much as the size of the object glass 
increases it ; and the brightness is reduced still more, 
either if the pencil does not fill the eye by reason of the 
magnification, or if it is too large to be all taken in. 
Besides that, there is the loss of light in the glasses, as 
stated at page 346. So the image in a telescope can 
never be as bright as the object. 
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Golour dispersion.— But both kinds of refracting 
telescopes, so far as I have described them yet, have a 
serious defect^ which made Newton and others abandon 
them for reflecting ones. If yon look through a strong 
magnifying glass, or a common cheap telescope, you see 
things fringed with colours and indistinct; as is still 
more visible in the magnified images of a magic lantern. 
The reason is that the seven colours which make up a 
ray of white light are not refracted equally by any sub- 
stance ; or every ray of white light is split up by refrac- 
tion into seven coloured ones, some of which are more 
refracted than others. It is not very easy to see it at 
one refraction, but it is evident enough with two, as when 
a ray emerges from a prism. Turning back to p. 3 50, the 
whole emergent ray does not come in the direction Mr, 
but only the middle or green part of it, while the red 
is refracted through the smaller angle ZbR, and the 
violet as much as ZiV : the whole spectrum consisting, 
first of invisible cool and chemically acting rays, most 
refracted, then violet, indigo, blue, green, yellow, orange, 
red, and then invisible hot rays, as described at p. 105. 
Those at the violet end are comprehenedvely called blue, 
and those at the other end of the spectrum, red.* 

Consequently a lens cannot bring any pencil of 
rays really to a focus; but a blue image of every 
point of the object is formed nearer to the lens than 
the red one, and a green one somewhere between 
the two, which is overlapped by the red rays before 

* We are not oonoerned here with the fact that all the aeven pris- 
matio 00I0UI8 can be made up by combining different ahades of red, 
blue, and green, not red, blue and yellow, as in artificial colours or 
paints ; for yellow is really green and red (see Sir J. Herschel on Light, 
* Familiar Lectures,' p. 258). 
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they reach their focus and by the blue diverging 
again after they have passed their focus. Therefore 
the smallest image of each point in the object is a 
little circle about half way between the red and the 
blue foci; and that circle is never less than one 
fiftieth of the width of the lens. Consequently lai^e 
object glasses could not be used until this defect was 
cured by the invention of compound cu^romatie or 
colourless glasses^ which I will describe presently. 

Moreover the colour dispersion is increased to the 
eye by increasing the magnifying power of the eye 
glass, or using one of very short focal length; and 
as the magnifying power of the telescope is the focal 
length of the object glass divided by that of the eye 
glass, the only way of getting a highly magnifying 
telescope was to have an object glass of very great focal 
length. Accordingly they were sometimes made from 
100 to 600 feet long, so that the object glass had to be 
set upon a pole, without any tube, and with strings and 
levers to pull it into the right direction for sending the 
rays into the eye glass. Such telescopes were called 
aerial. It is curious that we are returning to them in 
one respect ; for tubes are being superseded by open 
frames for very large telescopes, but the glasses are 
fixed in them. 

Achromatic telescopes. — ^By an unlucky mistake 
in an experiment Newton missed the discovery, which 
was not made use of till nearly a century afterwards, 
by Dollond the optician, though it was made before by 
Mr. Hall of Worcester, that glasses of different densities 
have different powers of dispersion into colours for the 
same amount of general refraction. A lens of flint 
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glass, which contains lead and has a specific gravity 3*6^ 
spreads the bhie rays farther away &om the red, though 
it may refract the red or the green equally with a crown 
glass of the same convexity, whose specific gravity is 
only 2*5. Therefore a slightly concave flint lens may 
rei^Mst the blue rays outwards just enough to correct 
the excessive refraction of them inwards by a very 
convex crown lens, while it leaves a general ktlance of 
refraction over, because the two lenses together are 
on the whole convex or thickest in the middle. Or the 
same thing may be done by putting a double concave 
flint lens between two convex crown lenses. I have 
drawn the object glass of the Galilean telescope in this 
way, and that of the astronomical with only two glasses, 
in the pictures at p. 359. 

The rule for determining their proportions is simply 
that the focal le^ngth of the flint glass must bear the 
same proportion to that of the crown glass (or of the 
pair of them) as their respective dispersive powers, or 
as '068 to '033. For the width of the spectrum of a 
flint glass prism^or the angle between the extreme red 
and violet rays, is '30 of its mean angle of refraction, 
or the refraction of the green ray, while the ratio of 
dispersion to mean refraction by a crown glass is 
generally *I7, or about half as much as by the flint glass. 
Secondary colours. — Still the correction is imper- 
fect, by reason of what is called the irrattondlity of 
dispersion ; which means that the ratio of dispersion to 
the mean refraction is different for the different colours 
by any two kinds of glass. A flint glass prism which 
disperses the blue rays as far from the red as a given 
ci:own glass (of a greater refracting angle) does not 
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disperse the green rays quite as fiEU* £rom the red as the 
crown glass does. Consequently when the prisms are 
put together, turned opposite ways, they bring out the 
red and blue rays together, but leave a little green 
behind ; and so the image through a compound lens of 
that kind is still fringed with green, and has not a sharp 
outline ; or the definition is imperfect. And although 
this secondary dispersion is only a 6oth of the primary, 
and therefore a 3000th of the width of the object glass, 
it is enough to leave a sensible advantage on the side 
of reflecting telescopes, which make no colours. Even 
if a third glass of some different copiposition is used, 
none has yet been discovered which completely an- 
nihilates the colours. 

Dr. Blair indeed did effect it in a temporary way by 
fluid lenses (of course enclosed between glasses), which 
had the requisite action on the different colours : but 
they could not be made to last. Certain oils and gums 
refract green light much less than even flint glass; and 
a long table of them, in the inverse order of their effect 
on green light, is given in Sir D. Brewster's treatise on 
Optics in the EncydopsBdia Britannica. Mr. Justice 
Grove above 20 years ago made solid lenses of resin and 
castor oil,* and also of hardened Canada balsam and 
castor oil, interposed in a meniscus form between the 
crown and flint glass lenses, which he said very nearly 
destroyed all secondary colour ; and he advised opticians 
to pursue the subject on that footing, as they alone 
have generally the means of doing it. Mr. Wray, an 
optician, patented a ^semi-fluid cement' of oU of cassia 
and castor oil, or Canada balsam, to be interposed as a 

* See B.A.S. 'Notioee' of 1853, and <Phil. Mag.,' Haroh of 1867. 
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meniscus lens ' hennetically sealed ' between the crown 
and flint lens, the crown glass being made flatter at 
the back than usual, to leave room for the meniscus of 
cement^ as Sir W. Grove's was. 

This is said to answer extremely well for the achro- 
matism, but great doubt is expressed as to the possi- 
bility of making any but a solid composition permanent, 
under the changes of temperature to which telescopes 
are exposed. For an observatory must keep nearly the 
same temperature as the air outside, or the refraction is 
disturbed (p. 277). The glasses of a compound object 
glass are indeed often united by a transparent cement 
of the same refractive index as glass, as nearly as 
possible ; since that prevents internal reflection (p. 352), 
by making the two glasses as it were continuous, 
instead of leaving a fllm of air between them. But 
such cement is of the same thickness throughout, and 
as thin as possible ; while these dispersive cement lenses 
are thickest in the middle, and therefore do not expand 
and contract equally at the middle and the edges, 
and are difficult to keep hermetically sealed between 
glasses if they are fluid. The principle of these inven- 
tions is, that the oils and resins refract green light less 
than glass ; and therefore if the convex lens is in effect 
made partly of glass and partly of these things, they 
produce together a convex dispersion of all the colours 
in such a ratio that the concave dispersion of the flint 
lens can correct it: or that the two opposite dispeisions 
become * rational ' instead of irrational. 

Spherical aberration.— Independently of colour 
dispersion, a lens with spherical faces does not bring 
the rays of any pencil or of any colour absolutely to 
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a point; for those which come through the edges are 
brought to a focus rather sooner than those near the 
middle of the lens. The amount of this spherical 
aberration, or astigmatimn (not coming to a point), as 
it is also called, depends on the shape of the lens, and 
even on which side of it faces the light, if the two sides 
are different; and it is always much less than the 
chromatic dispersion of a single lens. The shape 
which gives the least aberration (of those which can be 
used) has the front face 6 times as convex as the back ; 
which opticians call a crossed Um. The diameter of the 
least circle of aberration, or the image of a point in such 
a lens, is only the 2160th of its width, when the focal 
length is 10 times the width. And it increases as the 
cube of the width, but inversely as the square of the 
focal length : so in that respect also the long aerial 
telescopes had an advantage. 

Theoretically this defect may be cured by making 
the faces of the glass not quite spherical, but practically 
they cannot be ground in any other form. And fortu- 
nately the aberration can be corrected in another way, 
by selecting proper degrees of curvature for the separate 
lenses of a compound object glass, without interfering 
with their achromatism, as that depends only on their 
focal lengths, not on their total convexity and concavity. 
Various distributions of the curvature will answer, and 
Professor Pritchard calculated a table of correspond- 
ing curvatures to suit various focal lengths, so that any 
glasses may be matched at once. The best general 
forms are like those in which I have sketched the two 
object glasses at p. 359 with the curvatures very much 
exaggerated. The crown glass in front has ita front 
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face more convex than the back, and the flint glas$ 
behind fits it, and has its back oonyez, but less so than 
either of the. crown glass faces, so as to be eflectlYely 
concave (which is called a ^reversed meniscus') while 
the whole object glass remains effectively convex^ 
There are similar arrangements for treble glasses. 

Compound eye pieces.— Hitherto I have spoken of 
the eye glass as a single lens: which it still is for very 
high magnifying powers^ But where distinctness or 
defimtum is chiefly aimed at, the eye glass also must 
be corrected for colour, for spherical aberration, and for 
something else. For suppose a centrical pencil of rays 
to be brought exactly to a focus by the object glass : 
it goes on to the eye glass eccentrically, except of 
course the one pencil which keeps the axis of the 
telescope; and then instead of being refracted into a 
round and colourless stick or pencil of parallel rays, it is 
spread out into a coloured ov^ one, of rays not parallel 
in one direction (that of the plane of the paper in 
the figures at p. 359) but diverging. Moreover all the 
points of the image ought to be at the focal length of 
the eye glass, or it ought to be concave towards the 
eye glass : but in fact it is rather concave the other 
way, being formed by the object glass. Consequently 
the rays from the outside of the image come from 
rather too fSar off and are more turned inwards by the 
eye glass than if they came exactly from its focal 
distance. 

It is found that the best way to <x)rrect all these 
errors is to divide the work of the eye glass between 
two less convex lenses separated by a space equal to 
the mean of their focal lengths, or 2 inches if the focal 

2 B 
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lengtli of the first is 3, and of Hie second (next the eye) 
I inch. The first is called the field glass, because the 
field of yiew now depends on that (see p. 361)^ and it 
stands at half its own foeal length before ^e focus 
of the object glass ; so that the image is now formed 
between the field glass and the eye glass. The best 
shape for them is a m^ftisens field glass with radii 
of curvature as 4 to 11, and a ' crossed lens * (i. e^ of 
radii i and 6) for the eye glass, both with their convex 
fiices towards the light. 

This is Huyghens^a eye piece, except that he had two 
plano-convex lenses ; and it is also called the negative 
one, because the image is behind one glass, but before 
the other. And this involves a serious defect for some 
purposes. The image no knii^r has the same propor- 
tions as the object^ but the outer parts of it are con- 
tracted, because the pencils near the edges of the field 
glass are most lefraeted or bent inwarde. The image 
of a square would thus have its eomers bent in or the 
sides eurred out, and a piece of netting would appear 
to have the outer meshes smaller than the middle ones. 
Consequently it will not do to put cross wires there for 
measurxDg an object or its position. 

For that purpose the pe^itive eye piece was invented 
by Bamsden, a fieunous instrument maker about 1780. 
In it both the glasses are beyond the foeus of the object 
glass, where the wires are, imd so they and the image 
are equally magnified by the eye piece. The glasses are 
two equal plano-eonyex lenses with their convexities 
fitcing^ at a distance » § of each <^ the focal lengths ; 
and the field glass is a quarter of its own focal length 
beyond the focus of tiie otgeet glass. It is not quite 
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achromatic, but it has less spherical aberration and 
<Ilstortion than the other. 

The principle of both the positive and negative eye 
pieces is this. An achromatized pencil from the object 
glass reaching the field glass eccentrically^ its blue 
rays are there most refracted, and are sent to the eye 
glass nearer its centre than the red rays which are 
least refracted. But those which strike the eye glass 
nearest the centre, or least obliquely, are least refracted 
by it ; and so the least refraction there balances the 
greater refraction befcnreyand the blue and the red come 
out parallel, and then the lenses of the eye unite them 
into a colourless point. The same kind of compensation 
takes place also between the rays which are most 
refracted and least refracted by the fi^ld glass by reason 
of spherical aberration, and the convexity of the image 
being turned the wrong way ; and so these compound 
eye pieces correct both d^ects. 

The inverted image is turned into an erect one in 
land telescopes by an eye piece generally made of four 
glasses ; but we are not concerned with them. All eye 
pieces are made adjustable for different eyes by the eye 
glass sliding nearer to the object glass for short sighted 
eyes, which require the rays of each pencil to diverge 
a little instead of being parallel. 

Micrometers. — ^The measuring wires which I have 
several times spoken 01 are stretched across a small 
frame which slides a little across the telescope with a 
screw, of which the head is graduated, so that you can 
measure exactly how far any wire has to move to bring 
it into contract with a star, to measure its distance from 
any other star or the meridian or zenith. The same 

2 B 2 
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screw apparatus is also used outside some telescopes to 
adjust or measure their position, with microscopes a,U 
tached to it, and in each case it is called a micrometer, 
or measurer of small distances. The wires are fixed 
in and parallel to the meridian for transit purposes, 
and horizontally for measuring altitudes and polar 
distances. The wires in the reading off micrometers 
are set so that they may be brought to coincide with 
the graduations of the circle they are to read off. They 
are sometimes spider lines, as they are finer than any 
artificial lines that can be made ; and they have to ba 
illuminated by light reflected on them from a lamp. 

Since each pencil of rays spreads oyer the whole object 
glass, half a lens makes the same image as the whole one, 
only not so bright If the two semicircular half lenses 
slide along their common diameter two images will be 
visible whenevw the two centres do not coincida And 
the distance from the first contact of the images to the 
last, measured by the turns of the screw which moves 
one half lens along the other, is evidently twice the 
width of each image. This micrometer is the best for 
measuring diameters of the sun and planets, and the 
distances apart of double stars. 



BEFLEGTma TELESCOPES. 

In order to escape from the inconveniences of either 
colour dispersion or long aerial telescopes, Newton 
and Gregory and Cassegrain and Herschel invented 
their several forms of the refiecting telescope, which 
produces no colours, except in the eye glass, which 
Huyghens had corrected long before compound object 
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glasses were made. They are still used because 
mirrors or speculums can be made much larger than 
object glasses in the present state of art; and we 
hare seen that the space-penetrating power of a 
telescope varies as its diameter. I have already 
compared the largest reflector and the largest refractors 
yet made, at p. 346. 

The theory of reflection is much simpler thaa of re« 
fraction, and is all deduced from this one law of nature, 
that rays are always reflected from any surface at the 
same obliquity as they fall upon it. Consequently an 
object appears as far behind a flat mirror as it really is 
in front of it, the apparent distance being determined, 
as the real distance is, by the different view which each 
eye takes, or else by moving one eye (p. 123). There* 
fore you can see your whole body in a mirror half as 
wide and half as high as you are. 

Beflection from curved surfaces is not so simple as 
from flat ones ; but, as with lenses, it is much simplified 
by the mirrors of telescopes being only small segments 
of large spheres, and by the rays only falling on them 
at a very small obliquity* I had occasion to say at 
p. 302 that the tangent at any point of an ellipse (or a 
straight line which coincides with the ellipse there 
for a moment) makes equal angles with the two focal 
distances SP, HP (p. 305). Consequently by the law 
of reflection rays of light emanating from one focus 
of a prolate spheroidal mirror are all reflected to 
the other. Again, a parabola is only part of an ellipse 
with one focus at an infinite distance from the other 
(p. 290) ; and therefore rays coming from an infinite 
distance, i e., parallel rays, are all reflected by a para- 
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bolic mirror to its focus ; and rays from a lamp at the 
focus are all reflected parallel to the axis. Moreover it 
may be proved that a parabola for a short distance near 
the apse coincides with a circle whose radius is twice 
the distance 8A of the focus from the apse, so nearly 
that if the speculum is 6 feet wide, and SA is 50 feet, 
the spherical surface at the edge (where the error is 
greatest) is only the 8000th of an inch beyond the proper 
paraboUo surface. And therefore a spherical mirror 
reflects parallel rays (not far from its axis) to a point 
half way along the radius of curvature, subject to the 
slight deviation of the circle from the parabola. 

The diameter of the least circle of aberration or 
smallest image of a point is the cube of half the width 
of the mirror divided by the square of 4 times the focal 
length, or by the square of the diameter of the sphere 
of which the mirror is a part 80 that it is only the 
i2,8ooth of the width of a mirror whose focal length 
is 10 times its width. Lord Bosse found the means of 
so polishing the speculum as to remove the spherical 
aberration and make the surface parabolic. The de- 
fining power of these great reflectors has generally 
been considered inferior to that of the best refractors. 
But the late improvements, especially in silvered glass 
specula, seem to be removing that inferiority. 

Lord Bosse's speculum weighs 4 tons and is suppcnrted 
at the back on many points by a complicated system of 
levers to balance the pressure ; and so was Mr. Lassell's 

4 feet speculum ; for an inequality no thicker than a 
thread bends a heavy speculum enough to destroy all 
convergence to a focus. 

All reflecting telescopes have a concave mirror as 
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wide as the tabe, placed at its lower end, which receiyes 
the rays from the object and sends them to a focus, and 
forms an image, exactly like an object glass, only with- 
out colours. Its diameter again = the focal length x 
the numerical value of the angle representing the appa- 
rent diameter of the object, or its real diameter divided 
by its distance. Thus the image of Jupiter in Lord 
Bosse*s telescope is about an 8th of an inch wide ; and 
the spherical aberration or image of each point is spread 
over a 20th of the width or a 400th of tiie area of the 
whole image, whether it is magnified much or little by 
the eye glass. You see this is considerably less than the 
chromatic aberration of a lens only a foot wide with 16 
feet focal length, even when it is corrected as much as 
possible (p. 366). A concave mirror, like a convex lens, 
magnifies things if your eye is near it, but dimim'shes 
and inverts them if yon are far enough off to see the 
image and not the object in the glass : a convex mirror, 
like a concave lens, diminishes without iuverting. 

There are four ways of dealing with the rays after 
reflection from the great mirror* In Gregory's telescope 
(p. 376) they come to a focus, ^^ making an image 
there, and then are reflected again by a smaller 
concave mirror G set in the middle o? the tube to 
another focus ^, which is also the focus of the eye glass, 
passing to it through a hole in the middle of the great 
mirror ; and so the first image is reversed back again 
at the second. In Gassegrain's telescope the second 
mirror is convex, and receives the rays before they 
come to a focus, acting like a concave lens, only send- 
ing the rays backwards, less converging than before, to 
a focus which again coincides with tibat of the eye glass. 
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This figure will sufficiently explain the course of the 



rays in both these telescopes, especially Cassegrain's/ 
which is the one usually not depicted in other books, 
while Gregory's is. PQ is the large mirror with a hole 
in the middle, near whereto is the field glass at O. G 
is the small mirror of Gregory and G that of Gassegrain, 
the focus of the great mirror being between them. The 
field of view in each is the angle which the small 
mirror subtends at 0. In this picture the parallel rays 
are a single pencil coming from a very distant point A 
below the axis of the telescope. Those which are not 
stopped by the back of the small mirror G are reflected 
to it from the large one, as you see, except that in each 
case I have given precedence to reflected rays and cut 
o^ the incident ones for distinctness. They are re- 
flected from G to the field glass O without yet coming 
to a foci^,, which they do between the field glass and the 
eye glass ; and the lenses are so made that the pencil 
of rays emerges in a parallel state at E but making 
the angle Qi^a with the axis ; or the apparent diameter 
of an object AB (B being as much above the axis as 
A is lielow it) is aEb, as in the astronomical telescope. 
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The magnifying power of both these telescopes will be 
given presently with Newton's. 

The rays come from the concave small mirror G in 
Gregory's telescope in much the same way, only they 
had crossed before reaching it. The small mirror is of 
course supported by a slight stem from the inside of 
the tube. Cassegrain's tube is therefore evidently the 
shorter of the two. His small mirror ought to be of 
the hyperbolic form and Gregory's parabolic, in order 
to diminish spherical aberration as much as possible, but 
Cassegrain's has the great advantage that the aberration 
of the small mirror tends to counteract that of the 
large, while Gregory's increases it. 

In Newton's telescope the second mirror is a flat one, 
which makes no difference in the convergence, and 
also receives the rays before they reach a focus, and 
might send them to the eye glass through a hole in 
the great mirror like those other two telescopes. But 
instead of that, the small mirror is set obliquely in the 
tube, at an angle of 45'' to the axis, and so reflects 
the rays out sideways at right aisles to the axis. 

Herschel's telescope dispenses with a second mirror 
altogether; for the great one is a little askew at the 
bottom of the tube and sends the rays to an eye piece 
fixed just within the edge of the tube at the other end. 
This can only be done in very large tubes, where the 
observer's head in the mouth of the telescope only cuts 
off a comparatively small part of the rays. 

The action of Newton's telescope is shown in the 
figure on page 378, in which you may easily trace the 
pencils of rays from the points AB of the object to the 
large mirror OPQ and the small one M, and thence to 
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a and 6, converging to E the eye at the wide angle aE6. 
The magnifying power of both Gre- 
gory's and Cassegrain's may be said 
to be the square of the focal length of 
the great mirror divided by the 
product of the focal length of the 
small one and of the eye glass. 
The magnifying power of Newton's 
and Herscbel's is the same as in 
the two refracting telescopes, viz., 
the focal length of the great mirror 
divided by that of the eye piece. 

Sir J. Herschel expected the 
Newtonian telescope to supersede 
all others, now that a method has 
been invented, which Newton him- 
self again ' divined ' as possible, of 
silvering concave glass speculums 
instead of casting those heavy metal 
ones which also have to be reshaped 
every time they are polished. It 
is not the quicksilvered back of the 
glass that reflects, as in a looking 
glass, but a thin film of silver che- 
mically deposited on the front or 
hollow face, which can be repolished, 
and even renewed when necessary, 
the glass being once for all ground 
to the proper spherical fetoe. It is 
said that a good speculum of this 
kind reflects nearly as much light 
as is refracted through an object 
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glass, while a bell metal speculum loses one third of the 
light. The only difference between speculums and bells 
& that beUs are (or should be) made of islbs. of copper 
to 4 of tin, while speculums are 128 to 59, for reasons 
explained in my book on Clocks and Bells. It is 
curious that the greater quantity of the softer metal tin 
makes the speculum alloy harder and more brittle than 
bell metal, and that again is harder than gun metal. 

All the reflecting telescopes but Gregory's make an 
inverted image at the focus of the eye piece ; and they 
all require compound eye pieces like refracting tele- 
scopes. Newton's has this further advantage over all 
other telescopes, that the reflection out sideways may 
be made to take place through the hollow cross axis on 
which the telescope is balanced (if the great speculum 
is not a heavy one) and so the observer may sit still in 
one position and has neither to look upwards, which is 
fatiguing, nor to mount into a box high in the air to 
look downwards as with HerscheFs. Lord Bosse's 
telescope is Newtonian, but the eye-piece is near the 
top of the tube. The small mirror is about 6 in. wide 
in the direction across the tube, and more the other 
way. The observer stands on a gallery. 

Both Grr^ory's and Oassegrain's telescopes had been 
almost abandoned because of the quantity of light which 
they lose by the second direct reflection. Much less was 
thought to be lost by the oblique reflection in Newton's. 
But this seems now to be doubted, and it was deter- 
mined to make the great 4-foot reflecting telescope for 
the Melbourne Observatory on the Cassegrainian plan. 
Another great new one however at the Paris Observa* 
tory is Newtonian, with a glass silvered mirror. 
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Helioscope. — There is yet one other kind of tel^ 
scope which onght to be described now that observations 
of the snn's surface have becooae an important part of 
astronomy. The sun is far too bright to be examined 
through any common telescope ; tor though it does not 
increase the apparent brightness,, as explained at page 
362, still it aets as a burning glass^ concentrating all the 
light from the object glasg into the eye. Consequently 
it is necessary to reduce the quantity of light very 
much, and yet keep the other adyantages of magni* 
fication and of gathering a large pencil of rays from 
every point. For it does not answer to reduce the 
light by using a very SBSiall object glass, or covering up 
all of it exc^ a small hole in the middle. It is 
necessary first to gather a large bundle of rays, and 
then as it were to filter th^n by some contrivance 
which will only let a small part of the light come into 
the eye. The common expedient of smoked or coloured 
glass will not do either; for such a glass soon gets 
heated by the rays which i/t stops, and is liable to 
crack ; and a coloured image is ixi^TteGt, being one in 
which the other colours are destroyed. 

The plan generally adopted is to make the rays fall 
obliquely on osxe of the wide fiices of a thin prism, a 
little before they reach the focus. That is very diflFer- 
ent from sending them directly into a narrow side of 
(f, right-angled prism, as in the Newtonian telescope, 
which is intended to reflect them all internally from tiie 
wide face. This thin prism reflects a little of the rays 
from its first face by virtue of the property which all 
transparent substances have of reflecting some of the 
light which falls o& them while they transmit all the 
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rest. Here about one 30th of the rays are reflected, 
and the rest refracted into and through the prism, and 
sent away as not wanted through the end of the tele- 
scope, which is left open, while the reflected rays come 
out sideways into an eye piece as in Newton s. The 
reason for using a prism instead of a flat piece of glass 
is that the internal reflection from the second surface 
also would interfere with the reflection from the first 
surface if they were parallel, whereas the prism sends it 
toS in another direction. 

This gathering and filtration ol the rays is sometimes 
carried farther, by using a large double concave object 
glass, unsilvered, as a reflector of some of the rays 
which fall on its first surface, leaving all the rest to be 
dispersed through it into the air behind. The rest of 
the construction is the same as before. But Foucault 
discovered that an object glass covered outside with a 
thin film of silver or gold burnished bright will reflect 
away the greatest part of the rays, while it is transparent 
enough to transmit some, which are fit for vision and 
examination of the sun, but are slightly coloured blue. 
Probably this helioscope will supersede the others, 
except that it requires a distinct object glass and 
practically a distinct telescope, while the first only 
requires a prismatic eye piece to be used instead of 
the common one, which is movable. 

We have yet to consider the different ways of fixing 
telescopes for different kinds of observations. 

Transit circle. — This most important telescope is 
mounted on a cross axis lying east and west, so that 
the tube can only move in the plane of the meridian. 
It is now made so as to combine the work for which 
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two telescopes were formerly used, one called a transit 
instrument for observing transits across the meridian^ 
and the other called a mural drele because it was set 
against a wall for observing distances from the equator 
or the pole. The Greenwich transit circle tube and its 
cross axis are of cast iron, instead of brass as usual. 
The pivots of its axis untU lately were always set on 
what are called V^^ being bearings of that shape ; for 
a pivot cannot be made to lie steady in a semicircular 
bearing. Bat at last this rude method of obtaining a 
steady bearing has been superseded by the simple 
device of cutting a wide notch or piece out of the 
bottom of a semicircular block, so that the pivot still 
presses only on the sides, but with a much wider 
bearing than on V^ which the axis only touches in a 
line on each side and often wears away unevenly. 

Moreover the new compound of copper and alumi- 
nium, which may well be called atrhronze (as bronze 
is a softer bell metal), is coming into use for telescope 
bearings, as it is four times as strong as brass. It was 
hoped that it would do instead of silver bands or circles 
for graduation ; but though it spoils with the air less 
than brass, it is far inferior to sdlver. It is evidently 
' essential to accurate observation that the bearings should 
be not only level, but as firm as possible, and they are 
consequently laid on piers built deep into the ground. 
The instrument is used to observe the transit of a star 
across the meridian, by pointing it to the proper height 
to catch the star, and then looking at it as soon as it 
comes into the field of vieWy and observing tJie time 
by the dock when the image of the star crosses the 
middle micrometer wire, or rather all the wires in 
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sni^cession. The difference between the times of two 
stars crossing the meridian is the difference of their 
right ascension, after all the necessary corrections have 
been made. 

Again, distances from the zmiith are foand by measur- 
ing the angle which the telescope makes with the reiv 
tical when a star on the meridian is seen ezacily on the 
wire which is set across the focus horizontally, or at right 
angles to the transit wire. And that is done in a re* 
markably neat way, by first looking at the star itself, 
and then at its reflection in a basin of mercury which 
forms an artificial horizon : soncietimes a plate of glass 
is laid upon it to stop any tremor of the snrfoce and to 
keep it dean. By the law of reflection (p. 373) the 
telescope always makes the same angle with the horizon 
when pointed at the star and at its reflection, only in 
one case it is looking upwards and in the other down- 
warda Therefore the altitude of the sfcar, or 90'' minus 
the zenith distance, is half the angle moved through by 
the telescope between the two observations. And the 
declination, or distance of the star from the equator, or 
what is more commonly used, its north polar distance 
(N.P.D.) is easily got from its zenith distance and the 
colatitude of the obserratcnry (see p. 340). 

For this purpose the transit circle has a large wheel 
fixed to one end of its cross axis with a graduated rim, 
and the graduations are read off by several imer&meler$ 
(P- 371) fi^^ ft* couTenient places on the pier near the 
rim of the circle. In the cdd mmrat circles the graduated 
drde is fixed on the wall, and the telescope carries an 
index, with micrometers for reading off accurately. The 
telescope need not be so accuratdy in the meridian f(Mr 
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observing N.F.D. as for transits ; and so setting it against 
a wall as near N. and S. as possible was enough without 
all the precautions which a transit instrument requires 
to set and keep it right. The bearings must be exactly 
level and of liie same size^ and their centres exactly 
east and west, and the pivots which ride in them exactly 
round and exactly alike, and the cross axis exactly at 
right angles to the telescope axis, or the line through the 
centres of all the glasses. These things require constant 
watching and testing, and mathematical formulsB have to 
be calculated for the necessary corrections. Most of them 
can be tested by lifting the axis over and reversing 
the pivots, and looking through the telescope opposite 
ways; but for heavy cast-iron tubes other methods 
equally accurate are used at Greenwich. These details 
however are beyond the scope of this book. 

Altazimuths — A transit or a mural circle being only 
able to move in the meridian can only see stars when 
they come close to the meridian. But if the horizontal 
cross axis of the telescope is carried by a frame which 
itself turns round on a vertical axis, or on a horizontal 
bed, it can be directed anywhere ; and it will measure 
altitudes above the horizon by moving the telescope up 
and down, and azimuths by turning the frame ; and so 
that is called an AUazitmUh. The level plate at the 
bottom of the frame is graduated, and there is a fixed 
index with micrometers against it to show the degrees 
of azimuth through which you turn it 

The zenith sector is only another form, or rather a part 
of the same instrument, being a telescope moving only 
over a moderately small graduated arc fixed at the 
zenith for observing stars near it, and therefore taking 
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less room for its size than a complete altitude instru- 
ment with its vertical circle of degrees. 

In the RA.S. * Notices * of Pec 1 869, Mr. Carrington 
said that he had adopted in his obserratory at Chart 
* Steinheil's principle of making the horizontal axis of 
his principal telescope the effective optical axis/ by 
placing a mirror made of a right-angled prism in front 
of the object glass, so that the telescope need never 
be raised from the horizontal position ; for the mirror 
formed by the longer side of the prism, when one of the 
short sides is directed square at a star, will reflect it 
horizontally through the axial tube. If such a telescope 
is used only as a transit-circle it will always lie east 
and west, with a motion of rotation round the axis for 
directing the prism to the proper altitude; and that 
motion is measurable on a sufficiently large graduated 
wheel, in the plane of the meridian, which makes a 
mural circle of it. And again, if this horizontal telescope 
is mounted on a vertical axis, so as to revolve in a 
horizontal plane, it becomes an altazimuth, the hori- 
zontal motion being in azimuth, and the rotation of 
the mirror giving the altitude as before. This enables 
the observer always to stand at the same level and look 
horizontally in the natural way. 

Equatorial. — If the frame in which a telescope is set 
turns on an axis not vertical, but parallel to the earth's 
axis, that also gives an universal motion ; the telescope 
can be pointed to a star and then clamped or screwed 
fast to the frame, and if the frame is turned round from 
east to west at the same rate that the earth turns the 
opposite way, the star will stay in the telescope. It 
is called an Eqyaioridly because each point in it then 

2 c 
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moves parallel to the equator. That is the InstrameBt 
used for gazing at the planets or moon, and sweeping 
the sky for new planets or comets, besides other 
purposes independent of the meridian. Therefore the 
largest object glasses that can be made perfect are gene- 
rally used for equatorials. Herschel's great telescope 
was set in a frame which also turned azimuthally ; and 
Lord Kosse's larger one, though it stands between stone 
piers, is capable of some sideway motion so as to be used 
equatorially, and can be kept pointed to a star for some 
time by machinery for the purpose. 

In those heavy telescopes the speculum end of the 
tube stays on the ground. The lighter telescopes which 
are mounted equatorially are balanced oil their middle: 
and they are often connected with a peculiar kind of 
dock which turns the &ame at the proper rate, and so 
keeps the telescope pointed to -the star without the 
observer having anything to do except himself to follow 
it. These clocks do not go by beats of a vibrating 
pendulum, which would be magnified by the telescope 
into leaps of the star ; but they have ei^er a revolving 
pendulum, or balls like the ^governor' of a steam- 
engine, or some equivalent contrivance to make the 
motion continuous.* 

Heliostat. — This name is given to an instrument 
for making the sun apparently stand still, by a mirror 
kept revolving by a continuous motion clock like those 
just now referred to, so that the sun's rays may remain 
reflected in the same direction. For this purpose the 
mirror must turn only half as fast as the earth, because 

^ See *■ Budimentary Treatise on Clocks, &c.,' p. 3ia, Sixth Edition. 
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the angle of reflection moves as much as the angle of 
incidence (p. 373). This is used because it is more 
convenient than turning the whole apparatus, whatever 
it may be, which is used in connection with the solar 
observations for the time. A Siderostat is the same 
kind of instrument for the stars. 

The following plan has been adopted for recording 
observations at once. Another continuous motion clock 
drives a barrel covered with paper, turning round 
(say) once in ten minutes, and at the same time ad- 
vancing endways, by its pivot being made into a screw, 
so that a pencil fixed against it would draw a spiral line 
round the barrel. When the observer sees his transit he 
touches a pin, which by the common electric telegraph 
machinery makes a pencil strike the barrel and make 
a dot ; which marks its own time, and the time at which 
every point on the barrel comes under the pencil is 
defined. The time of every observation, except mere 
gazing at the disc of a planet or moon or comet, is an 
essential part of it, and a clock is a necessary companion 
of almost every telescope ; but I have written about 
that elsewhere. 

There are many other contrivances and adjustments 
for securing accuracy of position, observation, and 
measurement, which cannot be described here. You 
wiU have some idea of the accuracy now attained from 
this : — ^a good observer can tell when a star crosses the 
wire of his telescope within the tenth of a second by 
the clock, which is always placed so that he can both 
see and hear it, and count the beats from the minute 
and second which he has looked at just before. 

2 2 
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Note to Page 2. 

On ihe Laws of Nature. 

Alihongh the disooYeries of science are of no conseqnence to 
our religious faith and life, and therefore need not be revealed, 
it was most unlikely that a Creator of the world would leave 
men to infer his existence gradually from physical phenomena, 
or allow them to say that as he had not declared himself they 
may believe or disbelieve as they please. The vast majority of 
mankind must always be incapable of drawing proper inferences 
from physical phenomena, or even understanding them. Nor can 
any theory of creation be absolutely proved therefrom, for the 
simple reason that no theory at all admits of absolute proof, as 
soon as we get beyond the region of abstract mathematical 
truth; for even what we call ocular demonstration often 
requires qualification for mistakes and delusions. 

When people ask such questions then, as whether the creation 
of the world and the maintenance of the present course of nature 
by a single self-existent Creator can be proved, and say they will 
believe it when it is proved, they forget that their own belief of 
every scientific theory, and of every historical event which is at 
all extraordinary, depends only on the balance of probabilities. 
The a priori improbability of many historical events is so great 
that nothing but a large concurrence of testimony, or manifestly 
abiding consequences of such events, would induce cautious men 
to believe them. At different times the probabilities that the 
history was true actually vary; i.e., the minds of men vary 
about them, according to some new evidence or arguments, 
discovered or invented on one side or the other; though of 
course the real truth all along remains the same. And about 
some histories competent judges are still so much divided that 
the probability may yet turn either way. 

The most improbable event that any one can think of would 
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be credible to him if he saw it, and was certain there was no 
delusion* If he did not see it himself, the degree of secondary 
evidence that would satisfy him wonld depend upon the con- 
stitution of his mind. Some men would be satisfied by the 
testimony of a few of their own Mends whom they considered 
quite credible and safe against delusion, while others would 
require a great deal more of such testimony, and others per- 
haps would believe none. To go a step farther, the truth of 
the narration of any improbable event manifestly does not 
depend upon the witnesses of it remaining alive. If their 
testimony was sufficient to convince other people while they 
were alive, it ought to be sufficient affcer they are dead, provided 
it has been properly preserved ; though the transmission intro- 
duces fresh chances of error, unless some abiding consequences 
have gone along with it, which can only be accounted for by the 
truth of the original story. Still the historical events which 
we call most certain, are only so because the probability of the 
testimony for them so overbalances their h priori improbability 
that in our opinion it amounts to certainty. 

Again, those laws of nature which we call certain are only 
so because they account for all the phenomena to which they 
are applicable lifter than any other hypothesis. Until this 
century nearly every philosopher felt certain that light was 
an emanation of particles; but they are all now equally certain 
of the contrary (see p. loi). In other words, the certainty of 
any physical cause is not absolute, but is merely our estimate 
of the probabilities in favour of one theory over another. We 
conclude without any doubt that gravity is universal, because 
the accepted theory of gravity accounts for every phenomenon 
within its reach, and there is no &ct known against it. But 
even that cannot be pronounced absolutely certain. If Neptune^ 
had not been discovered, the hypothesis might have come to be 
believed, which actually was suggested, that gravity varies in its 
law of action at very great distances (p. 228), as if it took some 
time to travel. No one has the smallest doubt that the out- 
standing, error in the lunar theory (p. 205) is due to some 
undiscovered disturbance, and not to any error in the received 
law of gravity ; but nobody as yet can prove it 
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In the same way fhe probabilities in fayonr of a single self- 
existing first cause, or Creator and maintainor of the world and 
all the forces in it and of what we call the laws of nature, have 
to be weighed against the probabilities for any other theory, by 
seeing what the two riyal theories inTolye and really mean. 
The meaning of one of them is fiur from being realised by most 
people, and is evaded by its advocates in every possible way, 
as any one may see who reads their controversial or didactic 
writings, or converses with them. The fundamental theory of 
materialism, patting aside all the circnmlocntory and evasive 
phrases in which it is disguised, is that all matter is self- 
existent ah cetemo, together with the laws or courses of action 
which it follows. But it was remarked by Paley long ago, and 
by others beforeliim, that ' the terms, " nature, powers of nature,** 
' and the like, are nothing but emp^ words, and signify merely 
' that a thing usually comes to pass.' The question is. What 
makes it come to pass? The atheistic or materialistic theory 
requires some power for that purpose, just as much as the 
theistic; and there is no middle way between them. The 
theory of a single omnipotent Creator requires no explanation, 
and is undeniably sufficient to account for all the phenomena ; 
but the other theory requires some examinatioi^ to ascertain its 
true scientific meaning. 

> To begin with the most universal laws of all, what is the 
meaning of gravity and inertia being 'inherent in matter'? 
for that is a favourite phnuse with ihe materialists, as if the 
question were not, how did they come to be inherent ? Moreover, 
the use of the word Matter in this way is a mere rhetorical arti- 
fice. Matter is not an unit, but is the sum of all the atoms in 
the universe. And the law of gravity being universal means that 
every atom in the universe attracts every other, according to the 
well-known law of the inverse square of the distance. But how 
did that infinity of atoms, separated by immeasurable distances, 
and constituting such a variety of substances, all come to agree 
that they would for ever attract each other and be attracted in 
that particular mathematical ratio? And when we say. 'attract 
and be attracted,' we must remember that those again are only 
words, meaning that every atom will for ever try to approach every 
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other atom with a force yarying inyersely as their (distance)*. 
They may be xmable to move the least towards each other, 
and yet they have agreed that they will always try. We may 
obserye too that this force of attraction is quite different from, 
and indeed opjxMsite to all similar forces which we are accus- 
tomed to or can imitate, except by complicated contriyances. 
The resistance of a spring, or of a weight pulled aside in a 
pendulum, increases with the distance instead of diminishing ; 
and the commonest of all forces, the mere resistance of a weight 
to being lifted, does not diminish with any height we can reach. 
Although the inverse square of the distance is the natural and 
obvious law of emanation (p. 21) it is far from being an obvious 
or probable one h priori for attraction. Indeed we have seen 
(at p. 25) that one of the greatest philosophers of our time 
could hardly believe that there was not some mistake about it. 
So far is it from being self-evident or obvious as a necessary law 
of nature. 

How then did the atoms scattered all over the infinity of 
space, millions and billions of ^miles apart, come to be more 
intelligent than Faraday, and agree to adopt this peculiar mathe- 
matical law of their behaviour towards each other? It is a 
mere evasion of the difficulty to suggest that it may be a result 
of some more general and comprehensive law. First, there is 
not the smallest evidence for that hypothesis ; and secondly, 
if there were, we have only to transfer the same question to 
that more comprehensive law, and inquire how the atoms of 
t^e ujiiverse agreed to adopt it. For it is undeniable that 
either they did agree to adopt every law that they observe, 
ie., resolved that they would always behave accordingly, or 
else that some external power has imposed it on them. 

And this universal law of gravity is only one of an innumerable 
multitude of laws of nature which the different kinds of matter 
have agreed to follow. So far as we know, there are about sixty- 
three elements, or distinct elementary kinds of matter, unchange- 
able into each other. The number is of no consequence to the 
argument. There may be some yet undiscovered in the earth, and 
many in the stars, or it may turn out that some of those sixty- 
three are reducible to others. Again^ it may be that they all have 



Digitized 



byGoogk 



392 The Laws of Nature. 

tli6 same kind of nltunate atoms^ which have been somehow 
permanently combined into different kinds of 'molecules/ as 
they are called ; or on the other hand, the ultimate atoms of the 
different elements may be different. But in any of those cases 
the question has equally to be answered. How did the atoms 
come to resolve that the elements which they compose shonld 
always and everywhere behave in a vast variety of different bnt 
constant ways in certain circumstances and combinations ? And 
how did they combine into the various classes of molecules ? 
No one doubts that the laws of their behaviour are prepared for 
them in circumstances and combinations which have never yet 
occurred perhaps anywhere, lOid certainly never to innumerable 
quantities of each class of atoms. We Imow that hydrogen gas 
behaves in some of the stars as it does here. Tet they are so far off 
that even their light takes many years to come. How did the 
atoms of that hydrogen resolve, by a kind of universal suffirage 
communicated from all that distance, to behave exactly like ours ? 
We actually receive iron, and some other things, in meteors 
from enormous distances within or beyond the solar system, 
and it behaves here just as if it had been dug out of the next 
field, and smelted in our furnaces. It is no answer to say that 
all the solar system was probably one nebulous mass once. That 
only means that the constituents of the mass were much 
fiEurtiier apart than they are now, being not then gathered into 
lumps called planets; and the question remains the same. How 
did all the atoms of iron, and everything else, when they were 
spread like gas into a nebulous sphere with a diameter larger 
than the orbit of Neptune, agree among themselves, and agree 
also with the atoms of all the other elements, how they would 
behave for ever in circumstances altogether different ? 

Even the atoms of the ' luminiferous ssther,' which is supposed 
to be the vehicle of light and heat, and therefore filling all space, 
and infinitely exceeding even the infinite number of visible 
atoms more commonly called matter, must have similarly agreed 
among themselves, and with the atoms of all transparent bodies, 
how they were to behave with respect to each other, and as to the 
laws of their vibrations, which require the highest mathematical 
powers to investigate them. Yet they axe supposed by the 
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materialistic theory to have settled for themselves the laws of 
reflection, re&action, spectroscopy, polarization, and the whole 
of the difBictdt science of optics, which nobody bnt the best 
mathematicians can nnderstand^ — ^if they do yet completely. 

All that we have thns iax spoken of are the laws of matter 
without life. What are called organized bodies have yet another 
set of laws, different from and opposed to those of the yery 
same matter when dead ; prevailing even over gravity, as in the 
growing upwards of vegetables, great and smalL How life began 
is entirely an unsolved problem scientifically, and it is equally 
unsolved how it is continued. All we know is the observed fad 
that living bodies have the power of continuing themselves 
for a certain time by constantly absorbing new particles and 
throwing off old ones ; and the still more mysterious power of 
producing seeds, which will some day, after going through 
various dissimilar stages, grow into the likeness of their 
parents, which after a time die, and their atoms then fall back 
under their ordinary non-organic laws. For all these living 
things are composed of common atoms, which in their ordinary 
state have no power to do anything except to move under 
general and chemical attractions. So that they must have 
included in their original resolutions as to their behaviour, all 
the organic as well as non^orgamc laws, and must have invented 
all the various kinds of life also for themselves— if a Creator did 
not do it for them. 

And it is only some of them which resolved to be capable of 
entering into or supporting life, such as oxygen, hydrogen, 
nitrogen, carbon, lime, phosphorus, and a few others in less 
degrea Others may be taken in accidentally, and pass out again 
without effect : others, if taken in at all, break up the living body 
and turn it back into a dead one, and some produce that effect 
on some bodies, but none at all on others. All these complicated 
varieties of action must have been settled for ever by agreement 
among the atoms at the beginning: e.g. all the atoms of 
carbon, oxygen, and nitrogen in the universe, must have agreed 
with aU those capable of forming part of any human body, and 
some others, that whenever they should be combined in the 
proportions which form prussic acid, and a very small quantity 
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of such a oombination should enter snch a body, the others 
Bhonld forthwith refuse to go on any longer performing those 
functions which are called life, and leave the body to decay 
under another set of chemical laws. 

But this is a very small part of what the atoms must have 
agreed to do for themselves, on the hypothesis of there being no 
superior power which ordained all their actions for them, and 
maintains them constantly. They must not only have resolved 
to obey the organic laws of life, but they must have resolved 
and known how to compose the infinite complications and con- 
trivances of all living bodies. Let any one compare the immense 
sweep and multitude of snch things embraced in one such book 
aa Paley's ' Natural Theology,' with the little bits and frag* 
ments of conjectural explanations of a very few of them, on any 
spontaneous non-creative theory, which you can find in all the 
books together which modem materialists have brought forth. 
Yet Paley only professed to give a sununary and superficial 
view of tiie most striking contrivances and adaptations of cue 
thing in nature to another. Of all the foolish objections ever 
made by those who want to depreciate a book which they never 
try to answer, the most absurd is that it is ' superfidal/ and that 
Paley only got his knowledge second-hand. He expressly said 
80 himself. But if ' superficial ' means wrong or inaccurate for 
the purposes of his ai^ument, the book ought to be all the 
easier to refute; and yet they dare not try. If it does not 
mean wrong or inaccurate, it means that he only noticed facts 
which lie on the surface and are obvious to any one who will 
take the trouble to observe them, without condescending on the 
infinite number which he might have added.* 

It is one of the distinctions between the works of men and of 
what we call nature, that there is no discoverable limit to the 
minuteness of the ' finish,' or composition of the latter ; while 
we soon reach that limit in our own works. We say a house 
or a machine is built of bricks or stones or bits of metal; and we 
can go no further. A picture is composed of a definite number 

* A new edition of it, corrected for the present state of soieDee 
by the President of the College of Surgeons, has been published by 
the S.P.O.K. 
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of dabs of paint, not very small. But no microBcope can reach 
the ultimate elements of which the compositions of natnre are 
made up. And yet all the atoms which have entered into that 
composition have known exactly what to do in order to prodnoe 
zesolts of the utmost complication. There is no greater mistake 
than to talk of the 'simplicity of nature.' At p. 102 I 
mentioned that the retina of the eye, which used to be con- 
sidered a mere membrane, is found to be a kind of brush 
when examined with strong microscopic power. And even 
that is &r short of a ftdl description. Those who have seen 
magnified pictures of it exhibited know that each hair of the 
brush has seyeral parts, and things like cells at yarious places 
along its length, and that they all pass through a second 
membrane at a definite distance from the lower one in which 
they have their roots, besides other complications which I 
cannot describe, and of which no one yet knows the use. Nor 
can we be sure that still stronger magnification will not reyeal 
further complications. Whether it does or not, the fact is 
beyond question, that a quantity of intelligent or uninteUigent 
atoms haye either combined themselyes or been combined by 
some external power into all these complicated and yet constant 
forms, adapted to receiye and to achromatize light, so as to 
produce a far more perfect image on the retina, and send it 
through the optic nerye to the brain, than we can manage with 
all our telescopes. And so we haye to take our choice between 
the atoms haying intelligently combined for that purpose, and 
doing so continually in eyery eye in the world, or being unin- 
telligent and impotent themselyes, but under the dominion of 
a Creator of suf&cient intelligence and power to produce these 
results and innumerable others of the same Mud. 

Any one who is content to be put off from the &ir examination 
of these two sole altematiyes of creation by empty phrases 
about the ' potency of matter,' the 'immanence ' or 'inherence 
of the laws of nature in matter,' and the like, wilfuUy 
surrenders his reason to deception. And any one who belieyes 
that the intelligence which produced the uniyerse resides in 
the primary atoms which constitute matter, belieyes something 
far more improbable and incredible than the wildest superstition 
or the most absurd cosmogony oyer inyented. Tet there is no 
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intervening possibility between that hypothesis and a single 
intelligent Creator, who made all things and continually 
enforces all the laws of nature. 

Whether they were sufficient to evolve from the primitive 
atoms all that now constitutes the universe, inanimate and 
animated, without any fresh creative interference, is a question 
quite distinct from the origin of those laws. And it is not a theo- 
logical question, except as to the creation of man ' in the image 
of God ' and with spiritual conditions on which physical sdenoe 
can throw no light whatever, even if it should make any real 
discovery as to his physical origin, which it certainly has not done 
yet. The theory of evolution without interference attributes, not 
a lower, but a higher degree of foresight, power, and intelligence 
to the author of the laws of nature, than the theory of occasional 
interference. For it is manifestly more difficult to invent 
machinery which will go on producing continually improved 
results for ever, than machinery which requires continually 
helping to do so by some fresh appliance. The hypothesia 
that such machinery was spontaneously generated by the 
unanimous concurrence of the atoms of the universe is the most 
outrageously absurd that ever was propounded under the name 
of ' science falsely so called.' Yet we may defy any materialist to 
show that that is not the true and simple meaning of his theory^ 
however he may try to evade it by such phrases as I have 
quoted, or by refusing (as they often do) to meet that question 
at all, or to state their own theory distinctiy. 

Even if self-«dsting laws of nature, agreed on by the infinite 
congregation of atoms of the universe, were a rationally conceiv* 
able probability, there is still another thing which they must 
have designed tiiemselves to do, and that is to produce results 
which satisfy the wishes of the animal creation, and our ideas of 
beauty. All the ingenious and continually amended and supple* 
mented theories of ' selection' by animals for pleasure or beauty, 
or by accident, do nothing towards explaining that. What 
would the condition of the world have been if things which 
are fit to eat were not also good to eat? Suppose food had been 
as nasiy as medicine. Will any rational man be satisfied with 
being told that it is by long usage that we have got to like our 
necessary food? Wh^t was the human race, and still more. 
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all ihe animal race/ doing while they were learning to Hke it, if 
the time ever was when they did not ? Were they all taking 
food as we do medicine ? Animals now will starve rather than 
eat what they do not like, and so they would then, and would 
soon have starved out of existence. 

Again, what kind of natural selection made aU the natural 
phenomena, and what is called the face of nature, beautiftd? 
Did the parliament of atoms resolve that they would so combine 
that all the trees of the earth, and flowers and fruits, hills and 
valleys, waves of the sea, streams and torrents, still lakes and ' 
running brooks, sunshine and moonlight and the stars, the 
clouds and the dew on the grass, the rainbow and the northern 
lights, thunder and lightning, the blaze of fire, the smell of many 
herbs and flowers, and of the earth itself, should be to our senses 
beautiful or pleasant, or what we call grand ? The existence of 
exceptions, as of some stinking yet common herbs and other 
things, and especially of unwholesome smells, and a few ugly 
animals, and notably the one most like ourselves externally in 
other respects, at once refates the theory thatwe admire the others 
merely from habit and from having grown into it in long ages. 
Yet I have heard that explanation seriously proposed by a dis- 
tinguished scientific man as a reasonable soluticm of this diffi- 
culty of the materialistic theory. Such an attempt is equivalent 
to an admission that all these things, besides innumerable others, 
are inexplicable by any theory except that of a Creator of the 
world, who perpetually maintains the laws of nature and all the 
forces of the universe. 



Note to Page 106. 

It should have been observed that if the luminiferous tether 
is so constructed that bodies can go through it without 
friction, their motion would not be resisted ; aind therefore 
planets' or comets' periods would not be shortened by it. It 
is demonstrable that the only resistance to a fish moving under 
water (though not to a ship which raises a wave) is that due 
to friction. We have no actual knowledge of any frictionless 
medium, but it is perfectly conceivable. 



Digitized 



byGoogk 



INDEX. 



AfivsiUTiON of light, 44, 373 

in telesoopei, 367, 368, 374 

Absolute mass of sun and earth, 311 

sero of cold, 54, 134 

Acceleration of comets, 106 
— — by obstniction, 104 
— moon's secolar, 185 
Accelerating force^ 24, 310 
Achromatic glasses, 364 
Adams, J. C, first discoyered Nep- 
tune, 229 
■ on meteors, 381 

moon's acceleration, 187, 193 

mass, 173 

*— — transit of Venus, 267 

Advance of apsides, 50, 66, 128, 189, 

Aerolites, 98, 283 

JEther, luminiferons, 102, 397 

Air, height of, 56 

colder upwards, 56, 63 

— — damp stops heat, 56 
— r- and light, 90, 225 

moon has none, 132 

planets have, 211, 214 

refraction by, 5, 152, 261, 275 

— - vapour in, 63, 6$ 

Airy, Sir G. B., * Gravitation,' 183, 222 

. contradicts Herodotus, 150 
discovers ' inequality ' of Venus 

and earth, 213 

on discovery of Neptune, 228 

— ^- on tidal retardation 183, 188 

the ' long inequality,' 222 

lunar disturbances, 183 

— — thinks lunar theory defective, 

150, 205 



Airy, Sir G. B., his double-image 

micrometer, 372 

on the Hebrew Scriptures, 150 «. 

transit of Venus controversy 

with Proctor, 263 

weight of the earth, 36 

of the moon, 173 

Alcyone not centre of universe, 325 

Algol double star, 329 

Almanacs, Book of, 156 n. 

Altazimuth, 384 

Altitude, 142, 340 

Aluminium bronze, 342 

Angles, how measured, 9, 88, 166, 

252, 308 
Angular velocity, 103, 138, 148, 295, 

303. 307 
— of all the planets, 234 
Annual equation, moon's, 186 
Annular eclipse, 115, 147 
Anomalistic year, 5 1 

month of moon, 128, 153 

Anomaly, mean and true, 5 1, 123, 200 
Antarctic expeditions, 267 
Antipodes, I5) 270 
Aphelion, 50, 216, 250 

winter at, 52 

Apogee, 128 ; attraction at, 197 

velocity at, 147 

Apparent diameter, 86, 115, 258 

periods of planets, 206 n. 

Apsides, advance of earth's, 50, 72, 189 

moon's, 128, 189, 190, 315 

Jupiter's moons, 243 

Archimedes, 42 

Arcs and angles, 9, 302 

Arctic circles, 58, 259 
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Area of circle and sphere, 19 

ellipse, 5^ 

^— lune, 124 

-^ — comterration of, 307 

^real velocity, 318 

Aries, 65, 337; motion of, 66 

Aristarchas, 43 

Arithmetical progreMion, 11 3, 186 189 

Ascension, right, 339 

Asteroids, 215 

Astigmatism, 368 

Astrology, 149, 206 

Astronomical telescope, 343 to 367 

Asymptotes of hyperbola, 390 

Atmosphere, see Air 

of snn, 93, 96 

— ■ — moon has none, 133 

planets have, 314 

Attraction, law of, see Gravity 
-^-^differential, 33, 166, 193, 313 

is instantaneous, 37 

of sphere, 33, 30; inside, 35 

^^—» spheroid, 46, 344 
*— a plane and ring, 344 

• absolute measure of, 3 10 

Attwood's machine, 3 10 
Axis major of orbit, 48 
^■^ period depends on, 49, 303, 309 

earth's does not vary, 56 

jininor, 48 ; increases, 56 

effects thereof, 59, 186 

earth's axis leans, 5 1, 70 

^■^ moon's, 139; sun's, 88 

of moon's illumination, 135 

^■^ length of polar, 7 

Azimuth, 341 

of sun and moon, 141 

Baoon, Francis, * Lord,' 343 

Friar, Roger, 159, 343 

Bear, Great, 336 

Bell metal, 379; sound of, 337 

Bible and science, i, 388 



Biela's comet, 396 

Black drop, 363 

Blair's achromatic lens, 366 

BluenesB of sky, 379 

Bode's law of distances, 333, 241 

Bond, Mr., 340 

Bore or eager of tide, 174, 175 

Bradley discovered aberration, 373 

Brightness of stars, &c, 330, 362 

of a globe, 91 

Brougham, Lord, loi 
Buffon, 353 
Bulk, tee Volume 

Oalendab, reform of, 156 

Cannon-ball velocity, 81 

Carrington, Mr.,. 3 85 

Cassegrain's telescope, 376 

Cavendish experiment, 31 

Celestial globe, 70, 336 

^-^ latitude and longitude, 134, 254, 

341 
Centre of gravity of moon, 139 

earth and moon, 135, 353, 314. 

Centrifugal force, i3, 46,135, 301,312 

does not affect tides, 183 

on earth's surface, 12, 46 

Centripetal force, 305, 3 iz 
Chaldsan astronomy, 3, 153, 207 224 

Saros of eclipses, 152 

Challis, Professor, sees Neptune, 230 
Chronometers for longitude, 247 
Circle a kind of ellipse, 49, 289 

a conic section, 289 

area 0^ 19 

circumference, 6 

'great,' 6 

divided into degrees, &c., 8 

— of curvature, 302 

perspective view -of, 49, 289 

-: transit, 381 

Circular orbits, 303 
Circumference and diameter, 6 
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Circamference of ellipM, 8 
ClaTins reformed Calendar, 15 7 
Climates, chjinges of, 53 to 6 z 
Clocks, telescope-driving, 386 

time of; 78, 348 

Coal represents sun's heat, 109 

Colatitnde, 141, 340 

Cold increases upwards, 56, 63 

of gladal ages, 5 3 

of moon, 133 

— - of space, or true zero, 54, 133 

of frigid zones, 63 

Colours of light, 105 

in telescopes, 363 

Comets, no, 393 to 397 

Encke's retarded, 106 

• connected with meteors, 383 

retardation of, 106 

Cones, 388 ; oblique, 391 
Conic sections, 388 
Qenical projection maps, 17 
Conjugate foci of lenses, 354 
Conjunction, 3i3, 333, 344 

inferior, 335, 355 

ConserTation of areas, 307 

of force, 35 

Constellations, 65, 337 

Continents, 19 

Contraction theory of sun's heat, 11 3 

Contractive force, 166, 186, 188 

Copernicus, 40, 43, 309 

Oorona, sun's, 95 

Oorrelation of forces, 99 

Creation, i, 38, 388 

Crescent moon, 134 

— r- Venus, 3I3 

Critical angle, 353 

CroU, Mr. James, 53, 53, 57» 59» 190 

Crookes, Mr., 105 

Cube of distance, 74, 86, 168, 193, 

306, 308 
of diameter measures bulk, 19 



Currents. of the sea, 58, 68 

Curvature, radius of, 303 

Cycles of moon, 153 

Cycloid, 119 m 

DAT, variable length of, 61 

has not shortened, 113 

— ^ but lengthened, 189 

sidereal and solar, 76 

of creation, 3 

Days of week named, 307 

how to find, 163 

Decimals and fractions, 86 

Declination, 143, 339 

Degrees and minutes, 9, 10 

Delaunay on tidal retardation, 188 

Delisle on transit of Venus, 361 

De Morgan, 155 

Density of earth, 30 to 39 

moon, 116; sun, 83 

planets, 83 ; and see them 

water, 37, 83; air, 330 

Diameters of earth, 6, 7 

sun and planets altered, 86, and 

tee them 
apparent, and how measured, 

86, 115, 258 
Differential calculus, 399 

force, 74, 166, 193 

Dimensions, new, of solar system, 84 

Dip of horizon, 341 

Disc of sun, 309, 363 ; moon, 117, 173 

earth's 103 

> spurious, of points and stars, 93 

Dispersion of light, 143 

Distance reckoned from centres, 33 

represents force, 35 

and time, law of, 85, 193, 303 

Bode's law of, a33, 341 

proportion of sun and moon's, 

116, 193 
, tee sun, moon, and stars 
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Disturbances of moon, 184 to 205, 345 

of earth by moon, 75 

— ^ Jupiter's moons, 143 

Jtrpiter and Saturn, 224 

Venus and earth, 212 

Uranus, 228 

comets, 296 

DoUond, first achromatic glasses, 364 
Donati's comet, 295 
Double stars, 328 

— seen without telescope, 225 

Earth, i to 78 

absolute mass, 311 

axis leans, 5 1, 70 

density or specific gjravity, 34 

centrifugal force of, 46, 312 

diameters, 6, 7 

displaced by moon, 253, 314 

distance from sun, 45, 84 

how found, 249 to 273 

ellipticity or spheroidicity, 7, 49 

its effect on moon, 245 

equator, 5 ; (jue it) 

fluid once, 11 

goes round sun, 44, 274 

how deep solid, 75 

heat internal, 38 

received by, 107 

from striking sun, 100 

inclination of axis, 5 1, 70 

— its variation, 59 

internal pressure, 37 

measuring of its sixe, 4 

moyes eastward, 70, 77 

■■ moves the sun, 24 

is the moon's moon, 121, 136 

-—— motion long denied, 40 
— — nearest sun in winter, 50 

old ideas abouty z 

^-^ orbit elliptical, 47 
and revolves, 50 



Earth's orbit, eccentricity of, 50 

^.^ its effect on climate, 52 

on moon's secular accele- 
ration, 185 

velocity in, 45» 3 rr 

— true shape in space, 325 

— < reduced to rest ' for moon, 125, 
191 

revolution, time of, 44, 77 

how far constant, 76 

^^ how proved, 41, 274 

— rotation west to east, 40» 15 1 
proofs of, 41 

_^ retarded 'by tides, T13, 

181, 189 
_ ... may be counteracted, 113, 

205, 300 

— velocity at equator, 45 

vis viva of^ 300 

time of, constant, 113 

sailing round, effects of^ 45 

— shape, how found, 3 

share of sun's light, 107 

size and surface measwed, 19 

spheroidicity, 7 

cause of, 11 

effect of, on gravity, 46 

on moon, 245 

surface, area of, 19 

velocity of, 45» 3" 

in falling to sun, 104 

weighing, modes of, 29 to 39 

weight in tons, 311 

tidal force on moon, 169 

Earthshine <m moon, 136 
Easter moon, 154, 161 

table for finding, 163 

proposed to follow sun, 160 

Eccentricity oi ellipse, 4B 

of earth's orbit, 49 

^-^ decreases now, 52 

effecU thereof 53, 186 

2 D 
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Eccentridtj of mooa's orbit, ii6 
^■^ — iU yariaftioiiy 199 

plukoti, He ibem. 

stability 0^ 3 1 7 

Eclipses, 143 to 153 

ChaldsMi cycle o^ 153 

— how many a year, 145 

solar, 115, 143, 146, 148 

some famous ones, 149 

lunar, I43f I45 

— of Jupiter's moona, 346 

longitude found by, 247 

Ecliptic is earth's orbit, 51 

disturbed by planets, 76 

how marked on globes, 70, 141, 

143, 341 

is the plane of eclipses, 144 

obliquity of, 5 1 ; yaries, 59 

poles of; 66, 88, 342 

Egypt, astronomy in, 71, 307 
Electricity, speed of, 104 

observations recorded by, 387 

*^ Ellipse, .48 ; area of, 56 

a conic section, 388 

force in centre, 139, }o6 

in focus, 304 

* instantaneous ' moon's, 201 

length of, 8 

orbit of all planets, 50 

velocity in, 148, 307 

time = that of circle, 8, 30 3 

perspective of circle, 49 

revolving, 50, I38, 306 

^^ tangent of, 305 

.^Uipticity, 8, 50 

-' ' Elliptic motion explained, 303 

discovered by Kepler, 309, 307 

time same as in circle, 8, 303 

Elliptical excess, 30 z 
Elongation of planets, 313, 353 
Emanations, law of, 3i 
Empirical rules, 334 



Encke's comet, 106 
England, centre of world, 18 
Epact of moon, 138 
Equation, moon's annual, z86 

of centre, 51 

of time, 78 

Equator, length of, 6, ii 

celestial, 63, 137 

inclination of, 64, 76 

is hour circle of earth, J42 

— loss of gravity at, 46 

— moon's, 139; sun's, 88 

velocity at, 45» 67, 151 

Equatorial telescope, 385 
Equidistant projection maps, 15, 334 
Equilibrium of solar system, 47, 184, 

317 

of Saturn's ring, 339 

of a mass of stars, 334 

Equinoctial points, 65 ; on globe, 337 
— — recede, 50 

cause of, 71, 301 

^■^ year or tropical, 69 
Equinoxes, 50, 63 

precession of, 50, 69, 30i 

Evection of moon, 300 
Expansion, law of, 335 
Exterior planets, 306, 306 n., 113 
Eye, 102, 357, 395 
Eyepieces: 'erecting,' 371 

— Huyghens's negative, 370 
Ramsden's positive, 370 

Faraday's mistake about gravity, 25 
Finder in telescopes, 360 
Flint glass, 365 
Focal length, 354, 375 
Focus of ellipse, 48, 304 

earth is, in moon's orbit, 128 

sun in earth's, 50, 305 

of all the conic sections, 391 

ef telescopes, 349, 373 
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Force, absolute, of earth and enn, 199 
— accelerating, 24 

centrifugal, 46, 183, 301 

centripetal, 311 

composition of, 193, 198 

differential, 74, 166, 193 

equivalent of heat, 99 

how measured, 300 

moving, 300 

— of motion, or vis viva, 300 

radial and tangential, 193, 303 

^-^ resolution of, 166, aoa, 298 
304 

rarjing as distance, 129, 303 

as inverse square, 21, et passim 

cube, 74, 170, 303, 307 n. 

Foucalt's experiments, 41 
Fractions and decimals, 87 
Frauenhofer's lines, 91, 94, 327 
Freezing of water, 55, 108 
Friction of air on meteors, 282 

of tides on earth, 113, 181, 189 

of luminiferous ether, 102, 397 

Frigid zones, why so, 62 

Galileo, bom and died, 43 

on earth's rotation, 123 

: discovered Jupiter's moons, 224 

and phases of Venus, 212 

his telescope, 224 

Galle, Dr., finds Neptune, 231 
Geocentric and heliocentric, 254 
Gibbous moon, 135. Mars, 212 
Glacial epochs, 52 
Globe, celestial, 76, 336 

terrestrial, 4, 61, 139, 142 

— — disc of, i^t; see Earth 
Gnomonic maps, 14 
Granite, weight of, iii 
Gravitation, Airy's, 183, 222 
Gravity, what, 2T ; see Centre of 
howmeasured, 23, 310 



Gravity on sun's surface, 84; on 
planets, see them 

effect on pendulums, 32, 310 

effect on tides, 176 

increases down mines, 36 

is instantaneous, 27 

law of, 20 to 29 

a law of nature, 28, 389 

loss at equator, 46 

not a vibratory force, 28 

specific, how found, 83; see 

Density 
Greenwich time, 77, 248 

our meridian, 9, 77, 339 

Gregory, James, 256 

his telescope, 375, 376 

Pope XIII. calendar, 156 

Grove, Sir W., 25, 99, 366 
Groves in the Bible, 208 
Gulf stream, 68 
Gyroscope, 42, 73 



Hallet on transit of Venus, 256 

his comet, 296 

Hansen, Professor, 85, 204 
Harrison, John, chronometers of, 248 
Harvest moon, 139 
Heat, annual quantity, 56 

connection with light, loi 

increases downwards, 11, 38 

decreases upwards, 56, 63 

depends on minor axis, $6 

expands nebulae, 285 

— - comets, 296 

invisible rays of, T05 

is force, 99 

latent and specific, 108, 109 

measure of sun's, 107 

supposed cause of, 106 

of moon, 133 

of stars, 54, 332 

varies inversely a«areaoforbit, 5 6 
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Heliometer, m» Micrometer 

Helioscope, 380 

Heliostat, 386 

Hemispheres in maps too small, 12 

diTision of^ 18,. 19 

north, former cold of, 52 

— ^-^ contains most land, 18 
Herodotus,. 149, 207 

Herschel, Sir J.'s« 'Astronomj,' 52, 
83,85,185,222 

'familiar lectures,' 7, 27, 102, 296 

on change of seasons, 5 2 

metre and yard, 6 

MUkyWay.jii 

moon's mass, 173 

' disturbances, 185 

sun'^s heat, 107 

reform of calendar, 158 

star magnitudes, 324 

undulatory theory, 102 

. Herschel, Sir W., found Uranus, 225 

on Saturn's ring, 237 

^-^ sun spots, 88 ; . nodules, 93 

light and heat, 104, 107 

his teleseope,.377 

Hind, Mr^, on old eclipses, 149 
Hipparchus, 47, 71, 209,-251 
Homer, i, 207 
Hopkins onr precession, 75. 
Horizon, astronomical, 340 

dip of, 341. 

mercurial, 383^ 

visible^ .4 

wooden, 70,. 142. 

refraction eleyates-oi^ 277 

why sun appears larger on, 278 

Horrooks, 2j,..256 
Hour circle of globe, 142, 338 
Huggins, Dr., 95, 326 
Hussey, Rev. T. J., 228 
Huyghens, 101,342, 370 
Hyperbola, 290, 222 v 



Ice, treasure of cold, 55, 108 
Images (jue telescopes), 536 
Inclination defined, 5 1, 215 n. 

of equator to ecliptic, 59 ; 

its variation, 59, 76 

of moon's orbit, 124, 129 , 

^-^ equator, 129 

' planeto', 237 

sun's equator, 88 

stability of, 317 

—-^ see each planet 
Inequalities of moon, 185, 195 

Earth and Venus, 212 

— ^- Jupiter and Saturn, 224 

Jupiter's moons, 243 

moon's parallactic, 117, 195 

Inertia, law of, 23 

moment of^ 285, 300 

Instantaneous ellipse, 201 

attraction is, 27 

Interior planets, 206, 236 
Irradiation, 117, 263 
Isographic projection, 13, lo 
Isometrical perspective, 13 

Janben invented telescopes, 344 
Jannsen, Professor, on sun, 95 
Julian year and era, 156 
Jupiter, 217 

long inequality, 222 

spheroidicity, 217, 245 

satellites, 224, 241 

their disturbances, 243 

use made of them, 247 

a minor san, 219 

Mr. Proctor on, 219 

Kepler's laws, 307 

telescope, 344 

guessed at gravitation, 21 

Eirchhoff and Stokes, 91 
Knot, or nautical mile, 10 

Land and water on globe, 18, 19 
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Laplace, r87, 284 
Lassell, Mi»., 231, 24<>, 374 
Latitude terrestrial, 9, 142 

how found, 249 

celestial, 124, 254, 341 

geocentric and' hettocentric, 254 

Laws of motion, Newton's, 298 

Bode's, of distances, 2ij, 241 

Kepler's, 307 

of emanations, 21 

gravitation, 20 

nature, 29, 389 

— time and distance, 86, 193, 303, 
307; 9ee Force 

of reflection, 352, 373 

refraction, 275, 349 

stabilitj, 317 

Lead, specific gravity, 20 

— heat, 109 

Leap year, 156, 159 
Lens, 347, 363, 367 

compound, 365 ; crossed, 366 

Lescarbault's supposed planet, 232 

Level, 3, II 

Le Terrier discovers Neptune, 230 

OB moon's acceleration, 187 

Lewis, Sir O. C, i, 3 
Lezell's comet, '2 95 
Libra, 66, 337 
Libration of moon, 123 
Light, nature of, 103 

aberration, 44, 2 73 

is invisible, 96 

invisible rays of, 104 

^ mechanical effect of, 105 

polarization, 103 

of moon, 133 ; Venus, 211 

stars, 330 J sun, 92, 133 

refraction, 275 

undulatory theory, 102 

velocity, 85, 104, 206 

how discovered, 246 



Light, zodiacal, 97 

^-^ we telescopes 

Local time, how f6und, 248 

Lockyer, Mr., on sun, 95 

London near middle of world, 18 

total eclipses at, 149 

■ tides at, 174 
Longitude, terrestrial, 10, 340 

modes of finding, 247 

— — celestial, 339 

measured from cy3, 61, 339 

heliocentric, 340 

moon's motion in, 189 

Luminiferous aether, 102, 397 
Lunar distances, 247 

day, 138 

month, 137, 192 

equation, 252 

year, 138 

theory defective; 150, 205 

volcanoes, 118 

Lunation, length of, 137 
<— — has shortened, 186 
Lune, area of, 124 

MoOikUL, Dr., 47 
Macclesfield, Lord, 156 
Magellanic clouds, 336 
Magnification, 347 
Magnifying power, 347, 378 
Magnitudes of stars, 322 
Maps, 12 to 20 
Mars, 213 

parallax, how used, 250, 251 

Mass, what, 22 

absolute of earth and sun, 311 

moon, 116; sun, 81, 116 

how found, 311 

of sun and planets altered, 84 

of planets, see each 

of Jupiter, how found, 316 

of some stars, 330 

2 D 2 
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Materialism, meaning of, 389 
Maxwell on Saturn's rings, 339 
Mean distance, 50, 80 

time, 77 

Measuring the earth, 4 

sun's distance, 249 to 272 

moon's, 250 

planets', 252 

Meniscus lens, 354 
Mercator's projection, 17 
Mercurial horizon, 383 
Mercnry (metal), 108 

planet, 209 

transits of, 272 

velocity of, 210 

Meridians, 5 

are elliptical, 7 

how measured, 9 

longitude is distance of, 340 

Metals in sun and stars, 329 

in meteors, 282 

Meteoric theory of heat, 1 10 

Meteors, 98, 2bo to 287 

Metonic cycle, 153 

Metre, French, 6 

Micrometer, 371 ; double image, 372 

Microscope, 348 

Midsummers, two in tropics, 65 

Mile, nautical, &c., 10 

Milky Way, 523 

Million, milliard, &c., 81 

Mine experiments, 36 

Mirror, 373 ; see Speculum 

Moment of inertia, 285, 300 

Momentum, 300 

Moon, 115 to 206 

acceleration of, 185 

air and water, none, 132 ^ 

advance of apsides, 128, 197 

— — anomalistic month, 128, 153 

annual equation, 186 

apparent and real size, 117 



Moon, centre of gravity, 129 

'• of earth and moon, 125, 

252, 295 

crescent, 134 

cycles of, 152 

density and diameter, 116 

differential force of, 71, 166 

of sun on, 191 

— of earth on, 169 

disc, variation of, 117 

distance, 116 

how found, 249 

disturbances, 184 to 205, 245 

earthshine on, 136 

eclipses of, 144, 149 

eccentricity of orbit, 116 

its variations, 198 

evection, 200 

gibbous, 135 

gravity on, 118, 166 

greatest altitude, 140 

harvest, 139 

heat and cold on, 133 

inclination of axis, 124 

of orbit, 129 

instantaneous ellipse, 201 

keeps same face to us, 119 

why, 119 • 

— librations, 123 

light, 133 

most in winter, 140 

longitude found by, 247 

looks larger on horizon, 278 

mass of, 116, 173 

how found, 75, 173, 309 

moves eastward, 137, 151 

her width in i hour, 151 

i" in 2 sec, 187 

new and full, 134, 135 

new, in old moon's arms, 136 

nodes recede, 129 

why, 201 
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Moon, nodical month, 130, 153 

nutation caused bj, 74 

* on her back/ 135 

orbit, shape of, 127 

parallax, 117, 350 

parallactic inequality, 88, 117, 

195 

perigee and apogee, 128 

velocity at, 148 

periods, 137 

phases, 134 

precession caused by, 73 

proportion to sun, 1 16, 146 

refraction, its effect on, 278 

retarded by tides, 181, 189 

rotation of, 119 

rises later daily, 138 

sidereal period its relation to 

year, 192, 313 

specific gravity, 116 

stereoscopic views of, 123, 130 

size of, 116 

supposed shape, 130 

^^ surface, 118 

telescopic view of, 119 

terminator, 135, 251 

tides caused by, 166 ; sm them 

tidal force of earth on, 169 

' * variation,' 195 

velocity, 149 

Venus disturbs, 204 

volcanoes in, 118 

weighed, 173, 315 

Motion, laws of, 298 

force of, or vis viva, 300 

in solar system eastward, 41, 

77, 151, 226 

westward, 226, 282 

Moving force, 300 
Mural circle, 383 

Nadib, 331 

Kasmyth on sun's surface, 93 



Nature, laws of, 29, 388 

Nebular theory, 284 

Nebulas, 332 to 339 

Neptune, discovery of, 227 

does not follow Bode's law, 

Newton, born and died, ii 

calculated earth's shape, 12 

and weight, 20 

^-^ his comet, 294, 296 

gravity, proved law of, 21 

invented di£ferential calculus, 

299, 304 

knew six planets only, 208 

mistake shout light, iot 

and achromatism, 364 

on moon's disturbances, 185 

mass, 173 

motion, laws of, 298 

precession, 71 

Principia, 20, 185 

proved earth's rotation, 40 

invented sextant, 247 

his telescope, 377 

tidal theory, 165 

Nice, council of, IS4 
Night at the poles, 62, 222 
Nodes, recession of, 72, 144, 201 

sy nodical period of, 137 

of meteoric orbit, 281 

Nodical month, 130 
Nutation, 74; of Sinus, 330 

Object glass, 344 

largest, 346 

achromatic, 364 

Oblate spheroid, 7, 12 

mass of, 201 

attraction, 46, 244, 334 

Obliquity of ecliptic, 51, 59 

changes, 76 

Octants of moon, 194 

Olbers's theory of asteroids, 215 
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Opporition, 213^ 3X4, 339 
Orrery, 343 
Orthographic mapt, 14 
Oscillation apparent, v}^ %!% 330 

Parabola, 390 

some oomMa more in^ 393 

Parabolie mirrot, 373 
Parallactic ineqluilitf, fry, 19$ 
Parallax, correction for, 373 

measvning dlttanoei by, 349 

— — - sun's, 87, 350 

Mars's, 351 

moon's^ 88, 117, 195, 350 

of stars, 88, 319 

Venna and inoon^ 314 

Parallels oflatltadc^ 9 
Paschal moon, 156 
Pencils of rays, 348 
Pendnlnm, time of, 33, 310^ 313 

earth weighed by, 34 

' rotatioD prored byv 4' 

force on, 306 

fluid bob, 75 

gravity acceleratM, 36, 76^ 306 

loses at equntot, 46 

reyoMng elliptic, 138, 306 

torsion, 33 

Perigee, 197; sttnurtioii at^ 148 
— — advances, 138, 197 
— velocity at, 148 
Perihelion, its advance, 50, 196 

of Mars, 314, 250 

-^— velocity at, 293 

heat of comets at, 394 

Periods of moon, 137, 193, 313, 315 

planets, see them, aaid Time 

in ellipse same as in cirde, 8, 

303, 3" 
Perpendiculiff, what, 9 
Perspective, 15, 50, 274, 391 
Phases of moon, 134 



Photogfflphtf of tMttitH, 35# 
Photosphen of st»^ 8^ - ^ 

Planetary motien, liiiW0 of^ 399 io ^o^j 

nebulae, 33* 

Planets, 306 to 34^ 
•^^— X iSA latt^ eMlWttd, 936 
' apparent periods, 306 

disttfit each other, i«4 

habitabillty, 220, 3^8 

— masses, how found, ytB 

disturb the earth, 30F4 

— and ecH|)1»<?, ^6 

heatlien iTorsfafp of, 30^ 

int^er and extefioir, 306, 313 

l«i^s of their motioiBi, 298 

7^ of tinifr and disfaUice, 303 

Tfibve the sun, 34 

— — »• projiortions of diiitattct^ 333, 349 

reflect light, 3ri, 219 

retrograde and stfttioiiary) 235 

shm^ of Bun'A light, i<s9 

Pleiades, 71, 329 
Plumb-line, 4 

• Plurality of worlds,' 330, 33^ 
Polar distance, 34O 
Polarization of light, 103, 379 
Poles of earth and eqttatbr, 7 
ecliptic, 66, 88, 342 

— moon's, 129 
sun's, 88 

Pole star, 337 ; ohangw, 70, 338 
Precession of equinoKM, 69- 

cause of, 72, 201 

proves earth scdid, 75 

Pressure inside earth, 37 
Prime vertical, 143, 341 
Printing and engraving, note on, 333 
Prism, 105, 349 

reflecting, 353 

Pritchard, Professor, ?68 
Proctor, R. A., on Chaldiean astro- 
nomy, 153 n., 334 
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Proctor, R. A., on Jupiter, 219 

meteoric theory, 287 

on Milky Way, 333 

moon, 132 

* Physical Geography,* 13 

Satnm, 222 

stars, 324, 326 ; maps of, 16 

sun, 93 

transit of Venus, 264, 271 

Procyon, the heaviest known star, 331 
Projections of sphere, see maps, 12 

of planets, 184 

Prolate spheroid, 7 

formed hy tides, 170 

mass of, 19, 170 

moon is, 131 

Proportions of land and water, 19 

planets* distances, 231, 251 

Ptolemy's system, 40 
Pyramid, the great, 3, 71 
Pyramids, mass of, 37 
I^thagoras, 42 

Quadratures of moon, 172, 194 
Quicksands, 175 

Radial force, 193, 199 
Radius of curvature, 300 
Railway train, force on, 312 
Ramsden's eye piece, 3 70 
Recession, see Nodes 
Recording harrel, 387 
Reducing earth to rest, 24, 191 
Reflection, law of, 373 
Reflecting telescopes, 372 

prism, 352 

Refraction, law of, 276 

by the air, 5, 152, 211, 261, 275 

Refracting telescopes, 346, 363 
Resistance accelerates planets, 106 
Resisting medium, 103, 397 
Retardation of earth by tide, 113, 

181,18 
Resolution of force, 166, 202, 298, 304 



Retrogradation of planets, 234 
Revolution, see Earth, &c. 
Revolving ellipse, 50, 128, 306 
— — why apses advance, 189 
Right ascension, 339 
Ring, attraction of, 244 

Saturn's, 236 

Romer on light velocity, 246 
Rosse, Lord, 134 

telescope, 346, 374 

Rotation defined, 120 

earth's eastward, 40, 45, 77 

-1 retarded, 181, 189 

accelerated, 186, 300 

velocity, 45, 67, 148, 17? 

moon's, 119 

planets, see them 

of nebulae, 333 

vis viva of, 300 

Roundness of earth proved, 3 

Sailing round earth, 45 
Salamis, battle of, 150 
Saros of eclipses, 152 
Satellites of Jupiter, 241 

Saturn and Uranus, 240 

Neptune, 232 

keep same face to primary, 119 

Saturn, 221 

* long inequality,* 222 

moon's, 240 

ring, 224, 236 

Proctor on, 222 

Schehallien experiment, 29 
Seasons, cause of, 5 1 

secular change in, 5 2, 66 

Sextant, 247 

Shooting stars, see Meteors 

Sidereal time, 76 

day, 76 ; lengthened, 189 

month, 137, 192 

year, 77 ^ 
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Sidereal year, sun's mass determines, 

85» 192, 303 
Siderostat, 387 
Signs of zodiac, 65, 337 

have left constellations, 66 

Sirins, weight and light of, 330 
Sky, why hlae, 379 
Slack water, 175 
Smyth, Admiral, 227, 338 

Piazzi, 3 n., 98 

Solar system, 209 

its motion in space, 325 

new dimensions of, 84, 251 

possible end and origin, 106 

tide, 167, 190 

time, 76 

Solstices, 62, 174 

Solstitial colure, 342 

Sound, difference from light, 103 

velocity of, 104 

Space, cold of, 54 

penetrating power, 345 

Specific gravity, 82 ; heat, 109 

of sun and planets, see them 

Spectacles, 35 7 

Spectroscopy, 91, 297, 326, 332 
Spectrum of colours, 104 
Speculum, 373, 374,377, 378 
Sphere, attraction of, 22, 30, 35, 334 

volume and surface, 19 

of stars, or nebulse, 334 

Spherical aberration, 367, 377 
Spheroids, 7, 20, 201 

attraction of, 49, 244, 334 

see oblate and prolate 

Spheroidicity, effects of, 46, 71, 244 

earth's, 7, 12, 245 

1 Mars's, 214 

Jupiter's, 217, 244 

Spiral orbits, 306 

Spots on sun, 88 

Stability of solar system, 46, 317 . 

Stars, 318 to 332 



Stars, distance of nearest, 318 

double and coloured, 328 

heat of, 332 

seen without telescope, 225 

light of, 330 

magnitudes, 322 

— ^ mass of several, 331 

motions ofj 325, 332 

parallax, 319 

spectrum analysis of^ 329 , 

time of light from, 321 

used as fixed points, 10 

Stereographic maps, 15 
Stereoscopes of moon, 123, 130 
Stokes and Eirchhoff, 91 
Stone, E. J., 173, 265, 332 
Style, old and new, 155 
Summer and winter, 51 to 65 

hotter in south hemisphere, 5 2, 58 

longer than winter here, 52 

two in torrid zone, 65 

Sun, 79 to 114 

apparent diameter, 116 

■ to each planet, see them 

altitude, and azimuth daily, 141 

atmosphere, 93, 96 

corona, 95 

density, 116 

diameter, 79, 258 

disturbs moon, 184 to 205 

jdistanoe, 80 ; new, 84 

modes of finding, 249 to 273 

eclipses of, 143 to 151 

gravity on, 84 

heat of, 99 ; its maintenance, 106 

from earth striking it, 100 

inclination of axis, 88 

light, 91, 99, 133 

difiusion of, 138 

mass, 8t ; how found, 309 

absolute, 311 

its relation to year, 84, 303 

■ motion in space, 325^ 
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Sun, moyed by earth, 24 

r parallax, 88, 253 

how found, 249 to 373 

photosphere, 88 

precession caused by, 71 

refraction*s effect on, 277 

is quite round, 82 

rotation, 88 

is a small star, 82, 330 

sierra, 94 

specific gravity of, 81 

spectroscopy of, 91 

spots, 88 

^— - repulsiye force of, 95, 283, 293 

tides caused by, 167 

weighing of, 311 

* willow leaves * on, 93 

Sunday letter, to find, 162 
Sunrise, variations of, 140, 141 
Superior planets, 213 
Surface of a globe, 19 

of a lune, 124 

spheroid, 19 

Synodical periods, 137, 212, 255 
Syrius, proper motion of, 327 
Syzygy of moon, 169 

Tangbntial force, 179, 193, 301 
Taurus, equinox in formerly, 71, 76, 208 
Telescopes, 343 to 387 

achromatic, 364 

astronomical, 358 

Cassegrain's, 376, 378 

— '- Galileo's, 360 

Gregory's, 376 

Herschel's, 377 

Kepler's, 344 

Rosse's, 346,374,379 

Newton's, 377 

field of view, 361, 379 

images in, 356 

-: — invention of, 343 
loss of light in, 345 



Telescopes reduce brightness, 362 

magnification by, 347, 358 

modes of mounting, ^81 

refracting, see astronomical 

— reflecting, 372 

space penetration of, 345 

speculums, 374, 378 

spherical aberration, 366, 3 77 

Telescopic view of moon, 118 
Terminator of the moon, 135, 2^1 
Thales, 2 

Thomson, Sir Wm., H2 
Tides, 165 to 184 

Newton's theory of, 165 

Young's, 1 76 

centrifugal force fallacy, 183 

moon weighed by, 1 73 

neap and spring, 171 

retard our rotation, 113,181, 189 

priming and lagging, 172 

wave theoiy of, 1 75 

Tidal force on moon, 170, 182 

of sun unaltered, 174 

— of sun and moon calcu* 

lated, 169 
Time and distance, law o^ 85, 193, 303 

Greenwich mean, 77, 248 

equation of, 78 

— sidereal and solar, 77 

of pendulums, 3 2, 3 10 

of rotation of nebulae, 334 

Torrid zone, heat of, 64 

two summers in, 65 

Trade winds, 57, 67 
Transit circle, 381 

— of Mercury, 272 

Venus, 83, 254 to 272 

— • Jupiter's moons, 241 
Tropical year, 65 
Tropics, 64 

Twilight, 279 
Tycho Brahe, 40 
Tyndall, Dr., 63, roo, 279 
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(JxBiiA and pennmbra, 146, 15 1 
(Jndulatory theory, loi 
(Jraniu, 235 ; its moons, 226, 24T 
disturbed by Neptune, 228 

VACflTUif, gravity acts throngh, 27 
Vapour stops heat, 56, 63 
* Variation ' of moon, 195 
Velocity measures force, 302 

angular and linear, 183, 302 

areal, 318 

— of earth, 45, 3 n 

at equator, 45, 67, 148, 171 

light, 85, 104, 246 

— sound and electricity, 104 

— moon, 149 

planets, see them 

in different orbits, 292 

stars, 326; waves, 177 

Venus, 211 

-^— disturbs moon, 204, 212 

* inequality * of, 204, 212 

•^^ phases, 212 

transits, 87, 254, 272 

Virgo, 337 
Vis viva, 300 
Volcanoes in moon, 118 
Volume or bulk, 19, 80, 86 
Vulcan, supposed planet, 233 
Vulgate Bible, i 

Wateb and land on earth, 19 

— freezes slowly, 55, 108 

■ latent and specific heat, 108 
-^^ none in moon, 132 

weight of, 37, 82 

Wave theory of tides, 175 

Waves, loi, 171 

Week, days of, 207 

-^ finding in past times, 162 



Weighing of the earth, 29, 311 

of Jupiter, 316 

moon, 173,315 

sun, 311 

stars, 3 30 

Weight, what it is, 22 

loss at equator, 46 

of earth, 311 

moon, 1 73 

planets, see them 

sun, 311 

Whewell, Dr., 220, 335 
Williams, Mathieu, no, 118 
Winds, trade, 57, 67 
Winter cold formerly, 53 

shorter than summer here, 52 

average heat of, 5 3 

moonlight in, longer than in 

summer, 140 
Wollaston, Dr., 91, 133 
World, the round, i 
Wray's object glasses, 366 

Xebxes, eclipse of, 149 

Tbab apparently, not really, shortens, 

^^ 

anomalistic, 51 

equinoctial or tropical, 69 

sidereal, 69 

relation of sun's mass to, 85, 303 

and moon's disturbances, 192 

Young, Dr., his discoveries, loi, 176 

Zrnith, 142, 340 

distance, 340 

sector, 384 

Zodiac, 337 ; signs of, 65 
Zodiacal light, 97 
Zones, the, 64 
area of them, 19, 64 
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